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Abstract—A survey of the studies dealing with the development of new porphyrazine type tetrapyrrole dyes
promising for the application in photonics and biophotonics is presented. An original synthetic approach to
the template assembly of the porphyrazine macrocycle at room temperature in high yield has been proposed.
A porphyrazine macrocycle containing eight nitrile groups at the periphery has been prepared for the first
time. The replacement of four nitrile groups in the macrocycle by aryl groups has been found to generate a
unique porphyrazine structure demonstrating a fluorescent molecular rotor behavior, i.e., a strong depen-
dence of fluorescence parameters (quantum yields and lifetimes) on the viscosity of the medium. Some
aspects of possible applications of the obtained compounds in biophotonics are described. Good prospects
for the use of these compounds as efficient agents for tumor diagnosis, sensitizers for photodynamic therapy,
and probes for intracellular viscosity are outlined.
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INTRODUCTION

The extensive class of tetrapyrrole macrocycles
occupies a central position in the modern organic and
bioorganic chemistry. This is related to the wide use of
these compounds as light-absorbing, non-linear opti-
cal, and luminescent materials in laser physics and
optoelectronics [1, 2]. Numerous medical applica-
tions of tetrapyrroles utilizing their interaction with
light are also well known [3].

This review is devoted to the studies carried out in
the last 10 years at the Razuvaev Institute of Organo-
metallic Chemistry, Russian Academy of Sciences
(IOMC RAS), on the development of new porphyra-
zine type tetrapyrrole compounds possessing unique
electrochemical and photophysical properties and
application of these compounds in photonic and bio-
photonic technologies. An original synthetic approach
has been proposed for the template assembly of new
cyanoporphyrazine macrocycles at room temperature
with high yields of the target products [4]. Octacy-
anoporphyrazine macrocycles were obtained and
characterized for the first time as vanadyl and ytter-
bium(III) complexes. In this case, tetracyanoethylene
molecules were used as macrocycle structural units in
the template assembly. The obtained compounds
exhibit strong electron-withdrawing properties, which
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is unusual for this class of macroheterocycles [5]. The
use of diversified aryltricyanoethylenes as structural
units gave rise to a broad series of luminescent tetraar-
yltetracyanoporphyrazines as free bases and metal
complexes, which are high-performance singlet oxy-
gen ptotosensitizers, with the sensitivity of fluores-
cence parameters to the environment viscosity being
unique for tetrapyrrole macrocycles. Therefore, in the
last several years, the research team comprising syn-
thetic chemists, biophysicists, laser spectroscopists,
and biomedical scientists has been actively promoting
the compounds developed at the IOMC RAS as
potential agents for personalized cancer therapy.

CYANOPORPHYRAZINE VANADYL
COMPLEXES

Among tetrapyrrole macrocycles, porphyrazines
have long remained the least studied compounds in
comparison with porphyrins and phthalocyanines,
which are widely presented in the literature. In the last
two decades, a considerable contribution to the inves-
tigation of this class of tetrapyrroles was made by
A. Barrett’s and B. Hoffmann’s research teams [6, 7].
However, until recently, insufficient data on the mac-
rocycles containing strong electron-withdrawing
peripheral substituents such as CN groups formed a
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Table 1. UV/Vis spectroscopy data for vanadyl complexes [5, 10]

Complex IIa

IIb IIc

UV/Vis spectrum:
Amax, NM (log €)*

Soret band: 350 (4.65)
Q-band: 610 (4.08), 672 (4.25)

Soret band: 345 (4.90)
Q-band: 602 (4.27), 677 (4.29)

Soret band: 345 (4.98)
Q-band: 620 (4.35), 720 (4.05)

* In tetrahydrofuran.

blank spot of the tetrapyrrole chemistry. This fact was
noted with regret by Ghosh et al. [8], whose calcula-
tions have shown good prospects of using such macro-
cycles as catalysts for oxidation of organic compounds.

We have accomplished for the first time the tem-
plate assembly of a macrocyclic octacyanoporphyra-
zine structure using tetracyanoethylene (TCNE) mol-
ecules as structural units [4]. It is noteworthy that the
reaction proceeds under mild conditions (room tem-
perature) and with high yields. The reaction of TCNE
with bis(arene)vanadium (V(arene),) in an inert envi-
ronment described previously [9], which we used for
this purpose, gives a product insoluble in any solvent
and behaving as a high-temperature molecular mag-
net. As noted by the authors, the ferromagnetism of
the reaction products immediately disappears on con-
tact with air or moisture; however, they do not present
data on the chemical reasons behind the sharp changes
in the magnetic properties of the obtained com-
pounds. We found that this reaction has an unex-
pected continuation if the reaction mixture is brought
in contact with oxygen or air moisture: the insoluble

TCNE

(Arene) 2V0
N4

[(Arene),VIT]**

[(Arene),V!]*

precipitate formed in the first stage (V(TCNE),
yMeCN) gradually passes to the solution, which
acquires a bright green color. The ESR spectrum of
the acetonitrile solution showed an anisotropic signal
for V=0 with g; = 1.960, g, = 1.978, and a, = 56 G,
which is typical of vanadyl porphyrazine complexes.
The IR spectrum exhibits bands inherent in porphyr-
azines: macrocycle skeletal vibrations (1500 cm™!),
pyrrole ring vibrations (1645 cm~! for v(C=N) and
1580 cm~! for v(C=C)), and v(V=0) vibrations
(990 cm™"). The formation of the porphyrazine mac-
rocycle was also confirmed by the UV/Vis spectrum,
which showed a strong Soret band (393 nm) and a
Q band (678 nm). The molar extinction coefficient (€)
of the major spectral bands is rather high (loge = 4.3),
which is also characteristic of tetrapyrrole dyes. Thus,
using TCNE molecules as structural units, we accom-
plished the first template assembly of the porphyra-
zine macrocycle containing eight CN groups at the
periphery [4]. The presumptive mechanism of forma-
tion of vanadyl octacyanoporphyrazine (I) is depicted
in Scheme 1.

+TCNE™™

Ky
[V”SG] 2+
N
N CN
TCNE- \ N
H,O AN /
V[TCNE], . y§ — _ OO N o Z
N
/—CN
S = solvent
Scheme 1.
This facile approach proved to be quite useful for structural units, we obtained new vanadyl

the synthesis of other cyano-containing porphyra-
zines. Using various aryltricyanoethylene molecules as

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

tetra(aryl)tetracyanoporphyrazine complexes (Sche-
me 2) [5, 10].
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This provides the possibility of chemical design of
the peripheral groups of porphyrazine macrocycles
and fine tuning of their physicochemical properties
(redox behavior and photophysical parameters)
needed for various practical applications. The UV/Vis
spectra of the presented metal complexes are also typ-
ical of porphyrazine dyes (Table 1). Interestingly, in
the case of metal complex Ilc, a considerable red shift
of the Q band is observed.

The redox behavior of the vanadyl octacyanopor-
phyrazine complex has been studied by cyclic voltam-
metry in a DMF solution. The data presented in
Table 2 indicate that vanadyl octacyanoporphyrazine
is a strong acceptor capable of successive addition
of, at least, four electrons. The first reduction poten-
tial (—0.08 V) is considerably higher than similar val-
ues for known porphyrazine macrocycles and their
complexes. For example, the potential of vanadyl
tetra-tert-butylporphyrazine is 0.7 V more negative
[11]. There is only one known example of tetrapyrrole
macrocycle (fetrakis(2,6-dichlorophenyl)heptanitro-
porphyrin) whose metal (zinc and nickel(II)) com-
plexes are also strong electron acceptors [12]. Thus,
the presence of eight peripheral cyano groups endows

the vanadyl butyl(octacyano)porphyrazine complex
with unique electron-withdrawing properties.

Using the correlation analysis proposed in [1, 13],
we estimated the LUMO and HOMO energies from
the first reduction and oxidation potentials, respec-
tively. It should be noted that the oxidation potentials
for vanadyl porphyrazine complexes were determined
from the anodic peaks, because voltammograms attest
to irreversibility of oxidation. However, it is known
from published data that for cyclic voltammograms,
the potentials determined in this way correspond to
the half-wave potentials of reversible processes to
within 0.01 V [13].

The LUMO energy for Iis 3.9 eV (Table 2). Owing
to the presence of a transition metal atom in the com-
plex, an oxidative process also occurs rather easily in
the system, evidently, via oxidation of vanadium(IV)
in the vanadyl cation to vanadium(V). This accounts
for the first oxidation potential being rather low
(0.71 V) for such an efficient electron acceptor and the
LUMO and HOMO energy difference, determining
the band gap, being unusually small (1.1 eV) for an
organic semiconductor. This value is much lower than
the energy of the long-wavelength 1 — ©* transition
(1.83 eV) observed in the spectrum of I (Q band). This

Table 2. Results of electrochemical investigations of vanadyl cyanoporphyrazine complexes [10]

Half-wave potentials £}, . .
. Molecular orbital energies
Complex vs. standard calomel electrode in DMF, V
reduction oxidation HOMO, eV| LUMO, eV |band gap, eV (nm)

I —0.08 —-0.70 —1.28 0.71 0.94 -5.0 -39 1.1 (1127)
IIa —0.61 —1.51 0.80 1.38 =51 =3.1 2.0 (620)
IIb —0.36 —0.80 —1.38

IIc —0.08 —0.39 —0.53 0.80 =5.1 -39 1.2 (1033)

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.44 No.4 2018
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means that the oxidation is metal-centered and is not
directly related to electron transitions in the macrocy-
cle, which is also confirmed by coincidence of the first
oxidation potential of I with the potential of the
V(IV)—>V(V) redox pair in nitro-substituted Schiff
bases [14].

A comparison of the electrochemical properties of
complexes IIa, IIb, and Ilc attests to considerable
increase in the reduction potentials of metal com-
plexes upon the introduction of fluorinated phenyl
groups into the macrocycle periphery. This effect,
which is especially pronounced for pentafluorophenyl
peripheral substituents, makes compound Ilc¢ close in
its reducing properties to vanadyl octacyanoporphyra-
zine complex [4]. Thus, we obtained a new tetrapyr-
role dye, which possesses a rare combination of pro-
nounced light absorption and electron-withdrawing
properties unusually high for porphyrazine macrocy-

LERMONTOVA et al.

cles. Furthermore, like the vanadyl octacyanoporphy-
razine complex, compound Ilc has a very narrow band
gap (Table 2) [10]. For the vast majority of organic and
polymeric semiconductors, this value exceeds 2 eV
[15]. This means that the solar light absorption range
for metal complex Ilec, like for I, is considerably
extended at the expense of the near-infrared region.
This feature opens up the opportunity of using these
compounds as new promising electron-acceptor com-
ponents of compositions for fabrication of bulk het-
erojunction for organic photovoltaic devices [10].

The original synthetic approach described above,
which provides the template assembly of cyanopor-
phyrazine macrocycles at room temperature with high
yields, was modified by using the bis-indenyl ytter-
bium(II) w-complex [(CyH;),Yb(THF),] as the initial
sandwich metal complex (Scheme 3) [4, 5].

Cl
CN o) o)
RO (O™ R g R ON (Y RN
+ I
T — : CH- CH c=cC
H H CN 2 NC N 3 NC CN

(a) (b) (c)

(h) (i)

)

Scheme 3.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

No. 4 2018



PORPHYRAZINE STRUCTURES WITH ELECTRON-WITHDRAWING SUBSTITUENTS

The template assembly of the macrocycle occurs
on the Yb*" cation. The porphyrazine metal com-
plexes obtained in this way are more stable to air mois-
ture. The scheme includes a three-stage preparation of
the structural units for template assembly (aryltricya-
noethylenes) from arenecarbaldehydes (Scheme 3,
reactions 1—3) [16, 17]. An important distinction of
the Yb**-assembled complexes from the vanadyl ana-
logs is the possibility of demetallation with retention of
the macrocyclic structure (Scheme 3; reactions 5 and
6), which may be attributable to their substantially
higher hydrolytic stability. This gives a series of
tetra(aryl)tetracyanoporphyrazines as free bases. It is
noteworthy that variation of aromatic tricyanoeth-
ylene derivatives to be used for template synthesis of
porphyrazine macrocycles is an efficient tool for the
design of porphyrazine periphery, providing fine tun-
ing of the chemical and photophysical properties of
the dyes.

The UV/Vis spectra of all metal complexes and free
bases exhibit Soret bands and Q bands typical of por-
phyrazines (Table 3) [17, 18]. All compounds possess
high molar extinction coefficients, which is also typi-
cal of porphyrazine dyes. It is worth noting that the
Q band absorption maximum is markedly shifted to
longer wavelengths for free bases in comparison with
the respective metal complexes. This is a benefit for a
potential use in medicine, because it corresponds to
the shift towards higher optical transparency of the
biotissue.

TETRA(ARYL)TETRACYANOPORPHYRAZINES
AS POTENTIAL PROBES
FOR INTRACELLULAR VISCOSITY

An important structural feature of the
tetra(aryl)tetracyanoporphyrazine dyes we obtained is
alternation of electron-withdrawing (CN) and m-elec-
tron-donating aromatic groups located along the mac-
rocycle frame and joined via the macrocycle conjuga-
tion system. The presence of electron-withdrawing
and -donating groups involved in the common m-con-
jugation system in the dye molecule is known [19] to
create conditions for intramolecular charge transfer
from the donor to the acceptor upon excitation of the
molecule with light. This, in turn, can lead to intramo-
lecular motion of certain molecular groups (rotation
or twisting), which has given rise to the name “molec-
ular rotors” for this type of fluorescent dyes. The pho-
tophysical properties of these fluorophores are deter-
mined by the intramolecular rotation or twisting of
certain molecular groups, resulting in dissipation of
the excitation energy. Highly viscous media prevent
this intramolecular motion, which results in an
increase in the fluorescence intensity. Conversely, low
viscosity of the medium is favorable for the motion of
molecular groups and, hence, fluorescence consider-
ably decays. This correlation can be described by the
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simple mathematical equations proposed by Forster
and Hoffmann [20]:

®, = m", (1)

T, =2k, ", ()

where @, T, k,, and n are the fluorescence quantum
yield and lifetime, the rate constant for the excited to
ground state radiative transition, and viscosity, respec-
tively, and z and o are constants.

All of the tetraaryl(tetracyano)porphyrazine fluo-
rophores we obtained exhibit a strong dependence of
the fluorescence intensity on the viscosity of the
medium [17, 18, 21]. For fluorescent molecular rotors,
the slope of this dependence is known to be usually in
the 1/3—2/3 range [22]. In the series of our porphyra-
zine macrocycles, the slope changes exactly in this
range [17, 18, 21]. It is significant that in the case of
porphyrazines with peripheral phenyl groups with
ortho-substituted aromatic rings, the slope of the lin-
ear dependence of the quantum yield on the viscosity
decreases. This attests to some decrease in the sensitiv-
ity of the fluorescence of these compounds to viscos-
ity. Presumably, dissipation of the excitation energy of
tetraaryl(tetracyano)porphyrazines in low-viscosity
media occurs via the rotation of aryl substituents
around the C—C bond, which is prevented by ortho-
substituents in the aromatic ring.

It is noteworthy that the assignment of a fluoro-
phore to the class of molecular rotors requires more
stringent proof, including measurement of the depen-
dence of the excited state lifetime (fluorescence life-
time) on the viscosity of the medium and the influ-
ence of the viscosity on the rate constants of radiative
and non-radiative transitions in the molecule. The
variation of the fluorescence lifetime of
tetraaryl(tetracyano)porphyrazine macrocycles has
been studied in detail for IVb [21]. The study was car-
ried out in cooperation with UK researchers (Imperial
College London, Chemical Department) by time-
resolved laser spectroscopy. Quantitative relationships
between fluorescence parameters and viscosity of the
medium were found, suitable for the subsequent use
for intracellular viscosity measurements. It was unam-
biguously proved that none of the parameters of the
medium (solvent nature and dielectric permittivity,
temperature fluctuations) affect the fluorescence
properties of the macrocycles to such a great extent as
viscosity. Figure 1 shows the fluorescence decay
curves (A = 660 nm at A, = 635 nm) in metha-
nol—glycerol mixtures with known viscosity for the use
of porphyrazine I'Vb. Table 4 gives the calculated fluo-
rescence lifetimes I'Vb at various viscosity values. The
fluorescence lifetime rapidly increases with increasing
viscosity of the medium (Table 4, Fig. 1). A character-
istic feature of the fluorescence of the given porphyra-
zines is the biexponential decay, which is indicative of
the presence of two types of emission centers with dif-

No.4 2018
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Table 3. Data of UV/Vis spectroscopy for porphyrazines as ytterbium complexes and free bases

Absorption bands, nm* Molar Absorption bands, nm* Molar
Porphyrazine extin.c‘Fion Porphyrazine extin.ct-ion
Soret Q coefficient, Soret Q coefficient,
loge* loge**
IIIa 330 399 598 4.29 IVa 328 398 616 4.42
1ITb 336 390 601 4.32 Vb 329 399 616 4.61
Ilc 325 416 618 4.24 Ive 325 413 632 4.46
IIId 329 392 615 4.48 Ivd 330 409 620 4.55
II1e 332 403 606 4.15 Ivg 407 458 619, 590 4.32
IIIf 325 382 600 4.34 Ivf 382 416 604 4.53
IITh 356 401 613 4.19 IVh 350 410 615 4.25
I1Ti 373 397 595, 640 4.35 Vi 360 397 616 4.40
II1j 360 400 593 4.38 1Vvj 356 397 610 4.45

* In tetrahydrofuran. ** In water.

ferent fluorescence decay times (T, and T,). It is of
interest that the contribution (o) of “short-lived”
emission centers to the fluorescence of porphyrazine
IVb substantially decreases with increasing solution
viscosity (increasing glycerol concentration) (Table 4).
A fluorescent molecular rotor dissolved in a homoge-
neous medium can be characterized using the notion
of average fluorescence lifetime (7,,) determined from
the formula

2
_ZaT;
2a;T;

Tav (3)

The assumption that the obtained porphyrazine
chromophores are molecular rotors is ultimately con-
firmed by the dependence of the rate constants of radi-
ative (k,) and non-radiative (k,,) transitions on the vis-
cosity. For porphyrazines IVb and IVf, the rate con-
stants of radiative and non-radiative transitions were
calculated from the fluorescence parameters (®,and
T, €quation (4)) [22].

_ ke A
Tk +k,, ray- @
Figure 2 shows the dependence of each rate con-
stant on the viscosity. As the viscosity increases to
4000 cP, k, remains virtually invariable for both por-
phyrazines, whereas k, . sharply decreases. This means
that at high viscosity of the medium, the non-radiative
transitions are suppressed, which is typical of molecu-
lar rotors. Thus, the other obtained porphyrazines,
analogues of IVb and IVf, can also be classified as
molecular rotors, because the characteristic increase
in the fluorescence quantum yield with increasing vis-
cosity is also observed for these compounds (Fig. 2).

High viscosity sensitivity of fluorescence parame-
ters of the dyes opens up the opportunity for using
them as optical probes of viscosity. This information is

of particular value for biological systems, because vis-
cosity determines the rate of diffusion and, hence, the
rate of bimolecular intracellular reactions, which
affect the vital activity of the whole body. Pronounced
changes in the intracellular viscosity lead to a severe
change in the functional state of the cells and even to
cell death. The efficiency of using fluorescent molec-
ular rotors for determining the intratissue viscosity of
a tumor has been recently shown for experimental ani-
mals (in vivo) [23]. The photoinduced cell death
during photodynamic therapy was shown to be
accompanied by a pronounced increase in the intra-
cellular viscosity [24]. The optical probing of viscosity
by fluorescent dyes behaving as molecular rotors can
be used to monitor photodynamic therapy (PDT).
This is especially convenient when the photosensitizer
serves simultaneously as the probe of intracellular vis-
cosity. Thus, the use of fluorescent molecular rotors as
highly sensitive non-interventional optical probes of
intracellular viscosity presents considerable interest
for the design of new agents for diagnosis and therapy
for personalized medicine.

DESIGN OF A LABORATORY MODEL
OF A LUMINESCENT SOLAR
CONCENTRATOR

It is known that the amount of electrical energy
generated using photoelectric converter (PECs) can be
increased by using solar light concentrators. Usually,
these concentrators are large movable mirrors that fol-
low the sun and focus the sunlight on the PECs. The
manufacture and maintenance of such cumbersome
movable devices are fairly expensive, which precludes
a considerable decrease in the cost of energy produc-
tion from solar light. Furthermore, the PECs located
at the focus of a mirror concentrator are subjected to
strong heating, which soon deteriorates their photo-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44 No.4 2018
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voltaic characteristics; therefore, a special cooling sys-
tem is needed.

A pronounced optical concentration of solar light
can also be achieved in fixed devices without superflu-
ous heating of solar cells. This can be done using a
luminescent solar concentrator (LSC), which is a
waveguide made as an optically transparent glass or
plastic sheet with incorporated luminescent organic
dye. The dye efficiently absorbs light at a definite
wavelength and emits it into the waveguide material,
thus providing targeted delivery of the re-emitted
energy to the solar cells attached at the concentrator
end faces. The solar light concentration effect is
caused by the many-fold difference between the light
collection and re-emission areas [2].

We used a new approach to selection of compo-
nents of a luminescent composition generating an
additional flux of re-emitted solar light close to the
absorption maximum wavelength of the porphyrazine
dye (600—630 nm) upon excitation of the photolumi-
nescence of luminophores incorporated in LSC in the
near-UYV range (340—390 nm) [25]. Compound IIIb
was used as the main light-emitting component. The
polycarbonate—dimethyl methacrylate/urethane di-
methacrylate copolymer obtained by layer-by-layer
photopolymerization served as the optical waveguide
material.

We manufactured defect-free luminescent glasses
from a polymer of this type doped with Illa (Fig. 3).
Excitation at 530—600 nm produces an efficient emis-
sion at 630 nm. The Stokes shift thus observed (not
more than 30—35 nm) and the excited state lifetime
(more than 3—6 ns) attest to the fluorescent mecha-
nism of emission typical of dyes in which the radiative
transition takes place from the excited singlet state (.5,)
to the ground singlet state (S;) of the macrocyclic
ligand [5]. The photoluminescence quantum yield for
this glass at 630 nm (A.,;, = 600 nm) is ~65%.

In order to make up for the self-absorption optical
losses, which are inevitable due to overlap of the
absorption and emission spectra, and to increase the
luminescence quantum yield of the porphyrazine
macrocycle, we added europium benzoyltrifluoro-
methylacetonate trihydrate Eu(BTFA); - 3H,0, whose
luminescence properties in organic glass matrix were
studied previously [25]. This metal chelate is able to
absorb solar energy in the near-UYV range and exhibits

Table 4. Calculated fluorescence lifetimes for IVb
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Fig. 1. Fluorescence decay curves for porphyrazine IVb
(Memit = 660 nm at A, ;; = 635 nm) in methanol—glycerol
mixtures with a known viscosity.

intense Eu** luminescence at 617 nm. The Eu(BTFA); -
3H,0 to IIb ratio was 10 : 1 (w/w). The europium and
ytterbium complexes are capable of host—guest inter-
actions in which the host molecules efficiently transfer
the energy to the emission levels of the guest by the
Forster mechanism, that is, as the inductive resonance
energy between two chromophores (from the donor to
the acceptor) without intermediate photon emission.

The data of Fig. 4 actually show a considerable
increase in the emission of IIlb in the presence of the
europium chelate. In addition, we found that the use
of Eu(BTFA); - 3H,0 as a host component gives addi-
tional benefits regarding the photon collection effi-
ciency due to extending the light absorption range and
additional re-emission. Our results gave grounds for
using the developed material in the fabrication of a
model LSC specimen based on photocurable low-
defect organic glasses doped with complexes IIIb and
Eu(BTFA); - 3H,0 (Fig. 5) [25].

The key characteristics of LSCs is the efficiency of
solar energy conversion by a photovoltaic cell with the
use of a concentrator (1, g¢), geometric factor equal to
the ratio between the surface areas of the illuminated
part of the concentrator and PEC (G), and the energy
concentration factor (F£). The latter is calculated by the
formula

MeOH Glycerol Viscosity, cP Ty, NS o, % Ty, 1S oy, % Tays NS
0 100 960 0.49 18.01 1.62 81.99 1.55
10 90 346 0.31 25.18 0.99 74.82 0.93
20 80 140 0.17 31.34 0.55 68.66 0.50
30 70 54 0.07 37.81 0.27 62.19 0.24
40 60 24 0.03 59.98 0.15 40.02 0.12
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.44 No.4 2018
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Fig. 2. Rate constants for radiative (k;) and non-radiative (k) transitions vs. viscosity of the methanol—glycerol mixture at 22°C

for (a) I'Vb and (b) IVf.

F = GnLSC , (5)

MNpec
where Npgc is the photovoltaic cell efficiency. Table 5
presents characteristics of a model LSC specimen
based on IIIb, measured in our study, and analogous
data for LSCs based on luminophores—4-(dicy-
anomethylene)-2-fert-butyl-6-(1,1,7,7-tetramethylju-
lolidin-9-enyl)-4H-pyran (DCJTB) and platinum tet-
raphenyltetrabenzoporphyrin complex [Pt(TPBP)]
[2]. The LSC we proposed was not inferior in the
energy conversion efficiency to a similar device based
on DCJTB, while the phosphorescent complex
[Pt(TPBP)]) provided a markedly lower n;gc value
(Table 5). It is noteworthy that in our study, we used
the most commercially available silicon PEC, whereas

Fig. 3. Luminescent glass based on polycarbonate—
dimethyl methacrylate doped with ytterbium tetraphen-
yltetracyanoporphyrazine complex Ila (in 0.01 wt % con-
centration).

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

the authors of [2] performed measurements for spe-
cially selected photovoltaic cells whose spectral sensi-
tivity ranges matched as close as possible the photolu-
minescence spectra of each chromophore. Neverthe-
less, the M;gc/Mpec ratio was much higher for the
device that we fabricated than for single-level LSCs
reported in [2], which is indicative of its higher effi-
ciency. It is especially important that the LSC based
on IIIb had a considerably higher energy concentra-
tion factor, which is an important characteristic of
devices of this type. It is of interest that [Pt(TPBP)],
which ensures almost zero self-absorption losses, is
still much inferior in efficiency to IIIb as a lumino-
phore. As noted by the authors of [2], a negative con-
sequence of the phosphorescence effect, which
ensures the greatest Stokes shift in the case of
[Pt(TPBP)], is a decrease in the open-circuit voltage
of the photovoltaic cell.

Thus, our results of testing the model LSC based
on a new ytterbium cyanoporphyrazine complex I1Tb
and low-defect organic glass demonstrated the possi-
bility of manufacturing fixed solar energy concentra-
tors, which are not inferior in their characteristics to
the best world prototypes of these devices.

BIOMEDICAL ASPECTS OF POSSIBLE
PRACTICAL APPLICATION OF
TETRA(ARYL)TETRACYANOPORPHYRAZINES

All the fluorescent porphyrazine macrocycles that
we obtained can be easily accumulated in living cells.
Furthermore, confocal imaging using tetraaryl(tetra-
cyano)porphyrazines revealed a  considerable
enhancement of their fluorescence inside the cells as
compared with that observed for them in cell culture
solutions. This fact is in good agreement with the pho-
tophysical behavior of these dyes as fluorescent
molecular rotors: evidently, dyes are localized inside
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Fig. 4. Luminescence spectra of polycarbonate—dimeth-
acrylate films containing (a) IIIb (0.05 wt %) at Aqj =
580 nm and (b—d) IIIb (0.05 wt %) and Eu(BTFA); -
3H,0 (0.5 wt %) at Ayt = (b) 580, (¢) 340, and
(d) 390 nm. The film thickness is 200 um.

the cells in such a way that the mobility of their molec-
ular groups is markedly limited (Fig. 6) [21].

The ability of porphyrazines to be accumulated in
the cells, discovered in our studies, provided grounds
for testing some of our dyes as agents for fluorescence
lifetime imaging in vivo [26, 27]. Porphyrazine is well
accumulated in the model tumor and allows fluores-
cence visualization of the tumor in the body of an
experimental animal (Fig. 7). The images were
obtained by superimposing the photograph and the
fluorescence signal, which is shown in the pseudoco-
lor map. The tumor area is indicated by arrows [26].

The fluorescence signal was monitored for 36 h
after the introduction of nanoparticles and the time of
maximum accumulation of porphyrazine in the tumor
was estimated (3—5 h). It is worth noting that in nor-
mal tissues, a considerable portion of porphyrazine

NC R
N SiMe
R SFUSN N ;o
G
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Fig. 5. Single-level LSC model: (/) luminescent surface
layer doped with Eu(BTFA); - 3H,0; (2) standard silicon
solar cells manufactured by the LLC SOLTEK, Nizhny
Novgorod, (3) optical waveguide based on low-defect
organic glass (polycarbonate—dimethyl methacrylate/ure-
thane dimethacrylate) manufactured by the research and
production enterprise Reper-NN.

was excreted within 24 h after the injection, while in
the tumor, the chromophore was retained for longer
periods.

A distinctive feature of porphyrazine free bases
containing peripheral substituents with strong elec-
tron-withdrawing properties is relatively high acidity
of their amino groups. As a result, in polar solvents,
these macrocycles exist mainly as free dianions, which
facilitates their interaction with metal cations [28].
Recently, we obtained a bimodal agent for tumor diag-
nosis based on tetraaryl(tetracyano)porphyrazines,
which is suitable for contrasting a malignant tumor not
only by means of fluorescence lifetime, but also by
magnetic resonance imaging. This was attained by
introducing a paramagnetic gadolinium(III) cation
into the macrocycle. This non-interventional dual
tumor diagnosis markedly increases the reliability of
the diagnostic procedure [29]. The synthesis of gado-
linium tetraaryl(tetracyano)porphyrazine complexes
is shown in Scheme 4.

] SiMe;
MesSi_ /

Nc N R
YN\ N=
N N

Vacuum

N N + Gd
\ / / \ _2HN(SiMes), N SN—X
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Scheme 4.
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Table 5. Characteristics of LSCs based on low-defect glass made of a photocurable polymer composition, polycarbonate—
dimethacrylate/urethane dimethacrylate containing IIIb [25] as a luminophore and LSCs reported in [2]

LSC Luminophore Nisc, % (I:]]é) éct’yfe) G F
Single-level [25] | ITTh 54 |10.5(Si) 5.66 2.82
Multilevel [25] | Eu(BTFA); - 3H,0/I1Ib/Rhodamine 6G 113 |13.8(Si)

Single-level [2] | [Pt(TPBP)] 41 |25 (GaAs) 3.45 0.54
5.66 0.88
Single-level [2] | DCJTB 59 18.1 (GalnP) 3.45 0.61
5.66 1.13

As regards the possible therapeutic applications, an
encouraging result was obtained in the studies of cyto-
toxic properties of the porphyrazines in the dark and
on exposure to light. Tetraaryl(tetracyano)porphyra-
zines show a high photoinduced cytotoxicity, which
gives hope for the development of efficient PDT sen-
sitizers based on them [17, 30, 31]. It is well-known
that PDT is widely used clinically for anticancer
therapy.

Figure 8 shows the confocal microscopy data for
the SK-OV-3 cells that have been subjected to the
PDT procedure. Selective irradiation of an area of a
cell culture induced dramatic changes in the morpho-
logical state of irradiated cells, indicative of their pho-
toinduced death (compression, exfoliation, and bub-
ble formation). The cell death was confirmed by char-
acteristic change in their color, resulting from
penetration of SYTOX® green, which is possible only
upon serious damage of the protective cell membranes
(Figs. 8a, 8b). The porphyrazine fluorescence spectra
recorded before and after PDT do not differ from each
other or from the fluorescence spectrum in glycerol.
This means that porphyrazine itself, rather than the
products of chain oxidation reactions initiated by reac-
tive oxygen species, is the active agent responsible for
the photoinduced death of SK-OV-3 cancer cells.

Using the SK-OV-3 cell line, we demonstrated the
unique opportunities that can be opened in the future
for dyes that combine the properties of photosensitiz-
ers and fluorescent molecular rotors. High sensitivity
of fluorescence parameters to the medium viscosity
allows real-time optical monitoring of the photody-
namic therapy if there is a technical possibility to mea-
sure the fluorescence lifetime of the molecular rotor
photosensitizer (Fig. 9) [21].

The selection of the optimal dose of laser irradia-
tion of a tumor in each patient is still a challenge for
the clinical application of PDT. This dose depends on
the type and position of the laser irradiation source
and the degree of tumor oxygenation. On cell cultures,
we showed the possibility to detect changes in the flu-
orescence lifetimes for a photosensitizer possessing
the molecular rotor behavior on a real time basis,
which gives insight into the tumor dynamics during
PDT, because changes of the fluorescence lifetime are
correlated with the increase in the intracellular viscos-
ity during the photoinduced cell death. The experi-
ment was carried out by time-resolved fluorescence
lifetime imaging microscopy (FLIM), which maps the
cell image according to the lifetime of the photosensi-
tizer loaded into it (Figs. 9a—9c).

Fig. 6. (a, b) Confocal image of the SK-OV-3 cells after incubation with porphyrazine IVbh. A = 561 nm, A, ;i = 600—800 nm.
(c) Superimposed images of fluorescent and non-stained cells containing porphyrazine I'Vb. 2 uum scale in (a)and 1 um scale in

(b, c). [IVb] =4 uM.

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44
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Fig. 7. Experimental animal (a) before and (b) 4 h after the administration of polymer brush-based nanoparticles doped with por-

phyrazine IVb.

Figure 9¢ shows the fluorescence lifetime of por-
phyrazine plotted vs. the cell irradiation time. The
most pronounced increase in the photosensitizer flu-
orescence lifetime associated with the growth of vis-
cosity occurs in the first 6 min. This can be considered
to be the optimal irradiation time, because further
treatment does not induce substantial changes in the
functional state of cancer cells. The same is indicated
by the fact that the amplitude of the fluorescence
component with the longest lifetime stops to increase.
The cell death was also confirmed by staining in the
presence of SYTOX® green. Thus, the porphyrazine
photosensitizer we developed can serve for determin-
ing the optimal dose and duration of light exposure for
initiating the photodynamic therapy.

Our recent results about the effect of the 4-benzy-
loxy and 4-fluorobenzyloxy peripheral moieties of
tetraaryl(tetracyano)porphyrazines on the cytotoxic
properties are of interest for increasing the efficiency
of porphyrazines as PDT sensitizers. The dark and
photoinduced cytotoxicities (Table 6) of these com-
pounds were evaluated against the A431 human epi-
dermoid carcinoma cells. A widely used experimental
method for this evaluation is to measure the inhibitory
concentration ICy, i.e., the content of the agent that
induces a 50% decrease in the cell growth (or cell
death). This value was measured both in the dark and
under light irradiation. The resulting I1Cs, values are
summarized in Table 6. Using Table 6, it is possible to
compare the potential photodynamic activities of IVi
and IVj with that of IVb described previously [21].
These results demonstrate that the three photosensi-
tizers differ little in the inhibitory concentration char-
acterizing the cell survival under irradiation
(ICsy(light)). However, the inhibitory concentration

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

measured in the dark (ICsy(dark)) is substantially
higher for benzyloxy-substituted porphyrazines IVi
and IVj than for IVb. This difference is especially
impressive in the case of IVj, whose intrinsic cell tox-
icity (i.e., that not related to the photodynamic pro-
cess) is more than an order of magnitude lower than
that of IVb devoid of an oxygen atom in the peripheral
substituents. This means that IVi and IVj are much
more efficient PDT sensitizers than IVb, as the photo-
cytotoxicity observed on irradiation is caused by pho-
toinduced cell death to a much greater extent than by
the undesirable intrinsic toxicity of the agent. The
quantitative criterion of the photosensitizer quality is
the 1Csy(dark)/1Cs(light) ratio, corresponding to the
so-called therapeutic index, which shows the range of
safe use of a drug and represents the ratio of the toxic
dose to the effective therapeutic dose. This value for
IVb on cell cultures is very low, only 7.7, whereas that
for IVj is 83. This gives hope for a high therapeutic
index for this compound when used in vivo [18, 32].
Note that high dark cytotoxicity of PDT agents is a
grave problem, causing severe undesirable side effects
in patients. Therefore, we believe that the result we
obtained could be useful in the future choice of
approaches to the design of fluorescent tetrapyrrole
structures with low dark cytotoxicity.

A problem related to the development of new diag-
nostic and therapeutic anticancer agents is solubiliza-
tion in aqueous media and targeted delivery to the
tumor. We developed two major approaches to the
fabrication of biocompatible nano-sized polymeric
forms of our porphyrazine photosensitizers. The first
method is to encapsulate porphyrazine into macromo-
lecular aggregates of biocompatible non-toxic water-
soluble polymers reported in the literature (polyeth-
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Fig. 8. (a, b) Are successively obtained fluorescent confocal images of the SK-OV-3 living cells containing porphyrazine I'Vb
(4 uM) and SYTOX® green nucleic acid dye (1 uM) before and after 15-min irradiation of a sample area enclosed by dashed line.
For porphyrazine, Agj = 561 nm and Aq i = 650—759 nm; for SYTOX® green, Agyi; = 488 nm and A, = 500—530 nm.
(a) Before and (b) after 15-min irradiation of cells enclosed in a dashed-line square at Ag,.;; = 561 nm. 50 um scale. (b) Are nor-
malized fluorescence spectra of porphyrazine before and after irradiation and in glycerol at Agyg; = 561 nm, Ae . = 590—785 nm

[21].

ylene glycol (PEG), methylcellulose (MC), sodium
alginate (AlgNa)) or a water-soluble polymer brush
(PB) (graft copolymer obtained by acid hydrolysis of
polyimide-graft-poly-tert-butyl methacrylate) devel-
oped at the Institute of Macromolecular Compounds
under supervision of A.V. Yakimanskii [33]. The best
result was obtained for the water-soluble PB. The
addition of the PB in a minute quantity (not more than
0.07 wt %), which cannot noticeably affect the viscos-
ity of an aqueous solution, provides not only efficient
dissolution of the fluorophore in water, but also a con-
siderable increase in the quantum yield. Moreover, we
have found that the PB only delivers the photosensi-
tizer to a cancer cell, but does not itself penetrate the
cell.

The hydrodynamic diameters of various polymeric
nanoparticles containing porphyrazine (IVb—poly-
mer) were estimated and found to increase in the series
IVb—PB <IVb—PEG < IVb—MC (Fig. 10). In the case
of IVb—PB, the nanoparticle size was 114 = 9 nm,
which is optimal, considering the possible enhanced
permeability and retention (EPR) effect of nanoparti-
cles, related to the enhanced permeability of the
“loose” blood circulatory system of a malignant tumor
for nanoparticles of a definite size. The data of Fig. 11
indicate that “nanocontainers” based on other water-

soluble polymers are markedly larger and the size scat-
ter is greater: 474 = 21 nm (IVb—PEG), 774 £ 93 nm
(IVb—MC) [30].

Aqueous micellar solutions of tetraaryl(tetracy-
ano)porphyrazines have high molar extinction coeffi-
cients at the long-wavelength maximum (¢ = 1.8 X
10* L mol~! cm™'), which is typical of most tetrapyr-
role-based photosensitizers. Figure 12 shows the
absorption and fluorescence spectra of IVb—polymer
nanoparticles. The position of the absorption maxi-
mum does not depend on the nature of the polymer,
and the height of the absorption peak changes insig-
nificantly. The fluorescence intensity of IVb—polymer
systems depends considerably on the nature of the
polymer used (Fig. 12) and increases in the series IVb—
PEG < IVb—MC < IVb—PB.

The fluorescence quantum yield of IVb—polymer
nanoparticles in an aqueous solution is very low, about
5% 1073 to 7 X 1073, depending on the type of poly-
mer. However, the red luminescence signal of porphy-
razine chromophores was found to be enhanced by a
large factor in the media containing blood proteins.
An even more pronounced effect was observed in a
10% solution of serum albumin. In this case, the quan-
tum yield was 0.7—0.8, which is two orders of magni-
tude higher than the value in water.

Table 6. 1C5y* values for photoinduced and dark cytotoxicity of porphyrazines I'Vb, IVi, IVj

. Photoinduced cytoyoxicity, |Dark cytotoxicity, ICsy(dark), .
Porphyrazine 1C5(light), mol/L mol/L 1Csy(dark)/1Cs(light)
IVb 8.2 x 1077 6.3 x 107° 7.7
Vi 1.0 x 106 4.0 x 105 40.0
IVj 8.9 x 1077 7.4 % 105 83.1
* ICsy is the concentration of the agent inducing a 50% decrease in the cell growth (or cell death).
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 44 No.4 2018
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Fig. 9. (a, b) Are FLIM images of the SK-OV-3 cells with IVa (Agj = 561 nm, A i = 600—750 nm): (a) before, (b) 3 min after,
and (c) 18 min after irradiation. (d) Is the FLIM histogram of t; obtained after different irradiation times, (e) is the dependence
of T, on the irradiation time.

(a)
Pl-g-PMAA (n = 16, m = 150) o

Fig. 10. Architecture of the polymer brush nanoconjugate of the porphyrazine macrocycle: (a) polymer brush structure;
(b) assumed structure of the nanoconjugate; (c) TEM image of the nanoconjugate.
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Fig. 11. Size distribution histogram of IVb—polymer nanoparticles: (a) IVb—PB; (b) IVb—MC; (c) IVb—PEG.
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Fig. 12. (a) Absorption and (b) fluorescence spectra of IVb—polymer nanoparticles. The concentration of IVb is 5 UM; Aq, it =

560 nm.

A study of intracellular internalization and cell dis-
tribution of porphyrazine chromophores encapsulated
into polymeric nanoparticles of various natures has
shown that the type of polymer has a considerable
effect on the fluorescence signal intensity; with the
dye concentration being the same, the fluorescence
intensity of I'Vb in the cell increased in the following
series of polymers: PEG < MC = AlgNa < PB
(Fig. 12). In the absence of a solubilizing agent, the
signal is comparable to that observed with the polymer
brush. In the study of intracellular localization and
cytotoxicity, the porphyrazine was introduced in the
medium as a part of PB-based nanoparticles [30].
Their dark and photoinduced cytotoxicities were
quantitatively estimated against the A431 human epi-
dermoid carcinoma cells. The phototoxicity of IVb—
PB was found to be markedly higher than the dark tox-
icity. The inhibitory concentration I1Cs, for this conju-

gate was 20 UM on irradiation in a 10 J/cm? dose and
>60 UM in the dark.

It is worth noting that the polymer brush showed
rather low cytotoxicity, which confirms good pros-
pects for using PB for the delivery of a potential drug.
Thus, we have found the following: among the tested
polymers, polymer brush nanoparticles have the best

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 44

prospects for the delivery of a photosensitizer to the
tumor [29, 30].
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