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The review summarizes various systems containing macroheterocyclic donor platforms and
fullerenes. The specific features of the chemical structure and spectral properties of such mo-
lecular systems, charge transfer processes in complexes and mechanisms of their formation, and
potential fields of their practical application are considered. Special attention is given to supra-
molecular systems, in which metal-containing porphyrins/phthalocyanines bearing a complex-
forming cation other than zinc act as electron donors.
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Introduction

Molecular systems based on a donor and an acceptor
have attracted attention due to their ability to undergo
photoinduced charge separation. This fundamental pro-
cess is essential for both the natural photosynthesis and
solar energy conversion.! In the past decades, supramo-
lecular assemblies, which can be considered as models of
natural photosynthetic systems, have been extensively
investigated.2—4 Porphyrins (Porph), phthalocyanines (Pc)
as their analogs, and complexes based on them have long
been recognized as excellent electron donors. Fullerenes,
in turn, display electron-acceptor properties and exhibit
fast charge separation, which is one of parameters required
for ideal photosynthetic model systems.5 There are several
approaches to the chemical design of systems based on
macroheterocyclic donor platforms and fullerenes: the
synthesis of complexes with rigid and relatively flexible
covalent linkers and the preparation of non-covalent
supramolecular systems. The synthesis and characteriza-
tion of covalently linked porphyrin—fullerene complexes
were important for an understanding of the mechanism of
regulation of photoinduced electron transfer in molecular
systems.5—8 However, supramolecular artificial photo-
synthetic systems stabilized by non-covalent bonds, such
as hydrogen bonds, anionic and crown ether—ammonium
interactions, metal—ligand coordination, and electrostatic
interactions, are more promising.? Most publications are
devoted to the synthesis of such systems based on zinc
porphyrinates/phthalocyaninates and fullerenes;10—14
however, porphyrin/phthalocyanine complexes of other
s-, p-, and d-metals, such as magnesium,15:16 copper,17:18
aluminum,19—21 tin,22—24 indjum,25:26 cobalt,2’—34 man-

ganese, 3435 iron,17:34:36 molybdenum,37—39 rhenium, 4041
ruthenium,#%:43 ezc., are considered in order to expand the
potential of the design of photoactive systems. Systems
based on paramagnetic metal porphyrinates/phthalo-
cyaninates and fullerenes can be used as single-molecule
magnets (SMM).44 It is worth noting that some metals
(cobalt, molybdenum, ruthenium) have high coordination
capacity in the synthesis of supramolecular complexes of
different compositions (1 : 1, 2 : 1).28:42 The ability of
aluminum and tin to form Porph/Pc complexes with
hydroxy ligands allows the synthesis of covalently linked
fullerene-containing axial complexes.!?>22 The incorpora-
tion of biologically active metals, e.g., cobalt or manganese,
into the cavity of the macrocycle makes such molecular
systems promising antibacterial/antifungal agents45—47
and artificial enzymes.48 In this review, the results of the
synthesis of fullerene-containing systems based on s-, p-,
and d-metal porphyrin/phthalocyanine complexes are
summarized and analyzed. The specific features of the
chemical structures and spectral properties of these molec-
ular systems are considered. The charge transfer processes
in complexes, the mechanisms of their formation, and
potential fields of their practical application are discussed.

1. Synthesis of covalent systems based on
s-, p-, and d-metal macroheterocyclic
complexes and fullerenes

Systems with rigid covalent linkers are important for
an understanding of the mechanism of photoinduced
electron transfer, because they are characterized by the
exact mutual orientation of the donor and acceptor.8
In one of the pioneering studies,? the authors synthesized
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a dyad, in which the chromophore is linked to fullerene
Cgo by a bicyclic bridge, and studied their photochemical
characteristics. Conjugate 1 was synthesized in 34% yield
by the Diels—Alder reaction according to Scheme 1. The
electronic absorption spectrum (UV-Vis) of dyad 1 shows
absorption bands of metalloporphyrin (M(Porph)) and
fullerene at 325, 425, 550, and 590 nm. However, the Soret
band and Q bands were bathochromically shifted by
9—12 nm with respect to the corresponding bands of free
M(Porph). The investigation of the electron transfer in
dyads by time-resolved fluorescence and transient absorp-
tion spectroscopy showed that the lifetime of the excited
state of conjugate 1 was 5 ps, and the charge-separated
state [Zn(Porph)]"*—Cg,"~ can occur both in polar and
nonpolar solvents (benzonitrile and toluene). Therefore,
these compounds are of interest as photosynthetic systems
in the field of solar energy conversion and molecular
optoelectronics, which facilitates the development of
synthetic aspects.

Different approaches to the synthesis of covalently
linked dyads based on Porph and fullerene Cg are reported
in the literature.49—52 For instance, Boyd and co-work-
ers?9:50 synthesized conjugate 2 from p-formyltetraphenyl-
porphyrin using the Prato reaction for the functionalization
of fullerenes.33 The UV-Vis spectrum of compound 2
shows maxima at 430, 555, and 592 nm, which are batho-
chromically shifted by 5 nm with respect to the model zinc
porphyrinate methyl-substituted at the 3 position. The
intensity of the fluorescence spectrum of this dyad in
toluene is much lower than that of the corresponding
metalloporphyrin. The spectrum of the model zinc com-

plex has emission maxima at 599 and 648 nm and the
quantum yield of 0.03, whereas these maxima for dyad 2
appear at 722 and 803 nm and correspond to the emission
of the fullerene entity with a quantum yield of 0.0003.
No intense bands of the porphyrin component of conju-
gate 2 were observed in the spectrum. The lifetime of the
charge-separated system was 50 ps.

2

Porphyrin—fullerene dyads with different spacers
(3—6) were synthesized by the Diels—Alder reaction using
the donor—spacer—acceptor architecture.31:52 It should
be noted that the (3 positions of the macrocycle in these
dyads, like those in dyad 2, are not involved in this process.

The three-band UV-Vis spectra of these systems in
THF consist of an intense Soret band (from 425 to 431 nm)
and Q bands at 557—599 nm and are almost identical to
the UV-Vis spectra of the corresponding zinc porphyr-
inates. The largest changes are observed in the UV-Vis
spectrum of the system containing spacer 5, which shows
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the bathochromic shift of the Soret band by 6 nm relative
to that of the corresponding zinc(11) porphyrinate. Besides,
the intensity of the Soret band decreases, which is appar-
ently associated with the arrangement of the porphyrin
and the fullerene entities and their interaction in the
conjugate due to specific features of the spacer chemical
structure. The fluorescence spectra of all systems recorded
in THF and benzene display fluorescence quenching with
respect to the corresponding Porph. Since the fluorescence
spectrum of conjugate 4 in THF shows bands correspond-
ing not only to porphyrin but also to the fullerene moiety
of the molecule, the authors noted that the occurrence of
the energy transfer in the conjugate cannot be evaluated
from the spectra. These comparative studies clearly de-
monstrate the effect of the chemical structure on the charge
transfer process. The time-resolved transient absorption
spectroscopy measurements showed that the photoinduced
charge separation (CS) and charge recombination (CR)
occur in all Porph—Cy systems regardless of the bond
between the chromophores. The chemical structure of the
spacer influences the rate of the CS and CR processes; the
lowest values were found for the meta isomer.
Chlorin—fullerene conjugates were synthesized using
the reactions of alkenes with acetylenes to form 1,3-dienes
(so-called enyne metathesis) and the Diels—Alder reac-
tion.54 These conjugates showed significant fluorescence
quenching compared to chlorin and its complex with zinc.
Later, fullerene-containing N-hexylpurpurinimide con-

jugates were synthesized3® by the introduction of the
fullerene at different positions and were used in photoin-
duced electron transfer studies.3® Investigations performed
in a wide temperature range from —150 to 65 °C demon-
strated that conjugate 7 contains the closely spaced donor
and acceptor and has a long lifetime of the charge-sepa-
rated state.5¢ At —150 °C, conjugate 7 has an ultra-long
lifetime (120 s). Hence, fullerene-containing conjugates
can be considered as photosensitizers with a long-lived
charge-separated state.57

Comparative studies aimed at elucidating the struc-
ture—property relationships are an important step in the
design of systems capable of converting solar energy.
Methods for the preparation of various Porph—Cyg con-
jugates are considered in the review.38 Various approaches
to the accomplishment of these processes are reported in
the publications.3¥—%7 There are several strategies for the
design of covalently linked porphyrin—fullerene systems,
which make it possible to improve their physicochemical
characteristics: the variation of the spacer structure,52:63
the variation of the macrocycle periphery,64:65:68 the in-
clusion of additional donor or acceptor groups in the
conjugates® (e.g., Porph dimers as donor platforms®?),
and the use of different metals as the central cation in the
macrocycle.

In the fluorescence spectra of first triazole-bridged
Porph—Cy dyads 8 and 9 in THF and toluene, efficient
fluorescence quenching was observed compared to the
corresponding porphyrins, which is indicative of a strong
binding between the donor and acceptor and the efficient
photoinduced electron transfer.%3

For zinc phthalocyaninate (ZnPc)—fullerene conju-
gate 10 connected by a long flexible spacer, the lifetime
of the charge-separated state was 7.4 ps, and the charge
recombination time in chlorobenzene was 2.2 ns. Dyads
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containing shorter flexible bridges have longer lifetimes
(from 32 ps to 10 ns) for radical ion pairs depending on
the solvent nature.”!

The photoinduced electron transfer in liquid-crystal-
line ZnPc—Cg, conjugates was first reported in the study.”®
The UV-Vis spectrum of system 10 in THF shows bands
characteristic of the corresponding zinc phthalocyaninate:
a Soret band at 350 nm and an intense Q band at 679 nm
with a shoulder at 612 nm. In the fluorescence spectrum, the
intensity of the band at 684 nm assigned to zinc phthalo-
cyaninate in the conjugate is significantly decays compared
to free ZnPc; the quantum yields are 0.05 and 0.33,
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respectively. The photoinduced electron transfer in con-
jugate 10 was studied by time-resolved transient absorption
spectroscopy, and the rate constants for the charge sepa-
ration (kcg) and charge recombination (kcg) in toluene
were evaluated to be 5.5+ 109 and 5.2+ 103 s~ 1, respectively.

Not only the spacer nature but also the macrocycle
periphery can influence the physicochemical characteris-
tics of the Pc—Cg systems. The evaluation of the effect
of substituents of different nature at the phthalocyanine
ring on the photoinduced electron transfer in these systems
demonstrated that the introduction of fluorine-containing
substituents can interrupt this process in dyad 11. This fact
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was attributed® to the strong electron-withdrawing nature
of trifluoroethoxy groups, resulting in equivalent electron-
acceptor properties of phthalocyanine and Cg.

The introduction of substituents into the macrocycle
or on the fullerene cage to acquire water solubility opens
the opportunity to use the conjugates for biological pur-
poses. Kotel ‘nikov et al.”> demonstrated the possibility of
the formation of a system based on sulfonated aluminum
phthalocyaninate (AlPcS) and the polycationic fullerene
Cgp derivative (PFD). The addition of PFD to a solution
of AlPcS causes a decrease in the intensity of the fluores-
cence decay kinetic curves (by more than two orders of
magnitude) with no changes in the decay time, which is
indicative of the formation of a steady-state complex. The
results of spectroscopic studies provide evidence for the
excitation (or electron) transfer to the fullerene cage in
this complex, which facilitates enhanced singlet oxygen
generation. It was shown that the complex of the photo-
sensitizer with PFD exhibits photodynamic activity, which
is higher than the activity of the individual components
by a factor of 20 and 108 for AlPcS and PFD, respectively.

The investigation of photophysical and photochemical
properties of water-soluble complexes based on chlorin eg
and fullerene derivatives’3 is of certain interest. Thus, the
zinc chlorin eg complex—polyanionic fullerene conjugates
showed a 70-fold fluorescence quenching compared to the
fullerene-free complex. The fluorescence lifetime of this
conjugate was <0.4 ns. Photophysical measurements pro-
vided evidence that the photodynamic mechanism of
singlet oxygen generation can be switched to the super-
oxide generation in dyads. However, after the inclusion
of the central Zn2* cation into the chlorin e; molecule,
the photodynamic activity and phototoxicity of this dyad
become insignificant despite the long-lived charge-sepa-
rated state. The interaction of these dyads with liposomal
membranes leads to a sharp increase in the fluorescence
signal. All these aspects are attractive not only for the
design of efficient photosensitizers but also as a platform
for the construction of different systems for the switching-
off at the nanolevel.

Metal-complexing agents other than zinc also have
attracted attention in order to extend the potential of the
design and expand the range of application of these macro-
heterocyclic complexes with fullerenes.

Magnesium is present in chlorophyll,”® which is di-
rectly involved in the photosynthesis. Hence, the incor-
poration of magnesium macroheterocyclic complexes into
donor-acceptor conjugates, required for the design of
artificial photosynthetic systems, is a challenging problem.

Conjugate 13 based on magnesium porphyrinate and
fullerene was synthesized from the corresponding Porph—
Cgo and MgBr, * OE, in triethylamine within 30 min (78%
yield) and studied by spectroscopic, electrochemical, and
photophysical methods.”6 The visible region of the UV-Vis
spectrum of dyad 13 corresponds to the UV-Vis spectrum
of magnesium tetraphenylporphyrinate (MgTPP); the
band at 330 nm characteristic of fullerene is observed in
the UV region. The UV-Vis spectra of many Porph/Pc—
Ceo dyads are the overall spectra of their components.
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Table 1. Rate constants for the charge separation (kcg) and charge recombination (kc-g) in magnesium and

zinc tetraphenylporphyrinates (MgTPP and ZnTPP, respectively) conjugated to fullerene

Dyad Solvent kcs/571 q)CSC kCR/S71 TR]p/IlS
MgTPP—Cq, 13 DMF 1.7-10° 0.69 3.3-10° 300
Dichlorobenzene 9.5-108 0.55 1.9-10° 510
Toluene 7.0+ 108 0.47 1.8-108 <10
ZnTPP—C, DMF 2.2-10° 0.74 — —
Dichlorobenzene 1.5-10° 0.67 5.9+107 20
Toluene 8.5+ 108 0.54 — —

Note. ® € is the quantum yield of the charge-separated state of the fullerene component of the dyad,

Tgryp is the lifetime of the radical ion pair.

However, at high concentrations of the conjugates, a new
broad band appears in the region of 750—1000 nm assigned
to the interaction between the porphyrin and fullerene
components of the dyad in the ground state. The results
of the study of the electron transfer in system 13 by time-
resolved fluorescence (kcg) and transient absorption
spectroscopy (kcg) are given in Table 1.

A comparative analysis of dyad 13 with the related zinc
complex’” indicates the better charge stabilization in the

magnesium complex. Hence, magnesium porphyrins are
promising candidates for the synthesis of covalently linked
Porph—Cg, dyads capable of efficient photoinduced
electron transfer.

Conjugate 14 composed of two complexes based on
substituted magnesium tetraphenylporphyrinate and fuller-
ene was synthesized in the study.l® Scheme 2 shows
a schematic representation of the light-to-photocurrent
conversion system for conjugate 14 deposited onto an ITO

Scheme 2
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(indium tin oxide) substrate. The quantum yield of the
photocurrent conversion system with conjugate 14 based
on magnesium porphyrinate was 7.8%, whereas the quan-
tum yield for the corresponding system with zinc porphyr-
inate was 0.64%, and that for fullerene-free ZnPorph was
0.043%. Hence, it was concluded that the longer the life-
time of the excited singlet state and the more efficient the
charge separation, the better performance of the solar
energy conversion system.

In the construction of covalently linked fullerene-
containing conjugates, attention is given to aluminum and
tin porphyrinates/phthalocyaninates as donor platforms.
In these conjugates, the macrocycle is generally linked to
fullerene by axial covalent bonds through oxygen. This
arrangement of the donor and acceptor provides an effi-
cient overlap of their orbitals similar to a natural photo-
synthetic system, in which an axially bound amino acid is
involved in the electron transfer.” Taking into account
the oxophilicity of these metals, aluminum and tin macro-
heterocyclic complexes are used to prepare functionally
active axial-bonding-type molecular arrays.”

Systems based on aluminum(iir) porphyrinate, substi-
tuted fullerene containing the carboxy group, and ferro-
cene were characterized in the study.2? Dyad 15 was
synthesized by the condensation of metalloporphyrin and
substituted fullerene. The synthesis of triad 16 involves
the following three steps: the attachment of ferrocene to
the porphyrin macrocycle through an amide bond, the
preparation of the aluminum (i) porphyrin complex, and
the formation of the final porphyrin—fullerene conjugate.
The products were obtained in yields higher than 90%.

The UV-Vis spectrum of the conjugates is a superposi-
tion of the UV-Vis spectra of the individual chromophores —
an intense Soret band (416 nm), a Q band (547 nm), and
absorption bands of the fullerene entity at 256 and 700 nm.
In the UV-Vis spectrum of triad 16, the band character-
istic of absorption of ferrocene was masked by more intense
components. A comparison of the fluorescence intensity
with that of the reference compound (aluminum porphyr-
inate) showed a significant decay, which was most intense
in the case of triad 16. The charge separation rate constants
kcg are 2.54+107 and 5.70+ 107 s~! for dyad 15 and triad
16, respectively. The lifetime of the radical ion pair is 39 ns,
which is 2.3 times longer compared to dyad 15. Photo-
electrochemical studies of OTE/SnO, electrodes (OTE is
an optically transparent electrode) modified with the
synthesized compounds demonstrated that use of ferrocene
as the secondary electron donor is unfavorable. The photo-
current spectrum showed that the maximum incident
photon-to-current efficiency (IPCE) for the AlPorph—Cy
conjugate is 23 and 21% at 450 and 550 nm, respectively.
The introduction of ferrocene into this conjugate leads to
a decrease in the maximum values of IPCE to 20% at
430 nm and 14% at 560 nm.

The influence of secondary donors of different nature
on the electron and energy transfer processes in systems

R =Ph (15),

=
el

15, 16

based on aluminum(iir) porphyrinates and fullerenes was
addressed in several studies.21:80:81 The introduction of
phenothiazine and 2-methylphenothiazine8? into cova-
lently linked aluminum(111) porphyrinate—fullerene con-
jugates (17) promotes an approximately twofold increase
in tgyp with respect to the lifetime of systems 15, in which

17

R=H, SCH,
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the secondary donor is absent, and a five-fold increase
compared to ferrocene-containing triad 16,20 which pro-
vides an additional path to rapid recombination of the
radical ion pair.

A series of conjugates based on aluminum(iir) porphyr-
inate, tetrathiafulvalenes (TTF), and fullerene (18) were
investigated.8! These conjugates were shown to be applic-
able in photovoltaics.82—84 The charge separation rate con-
stants for these systems are in the range of 109—1011 s—1,
which is several orders of magnitude higher than those for
the complexes based on aluminum(ii) porphyrinates
described previously.2%-80 It should be noted that kcg for
TTF-containing systems depends on the chain length of
the substituents. Thus, the longer the substituent, the
slower the charge separation. The lifetimes of the TTF**—
Cgo"~ charge-separated state for these systems, which were
determined by time-resolved EPR spectroscopy, are
60—130 ns. These studies showed that AlPorph are prom-
ising and convenient components for the construction of
fullerene-containing systems with secondary electron
donors.

18

nm=1,2,3

A three-component multichromophoric system (19)
containing aluminum(ii1) porphyrinate covalently linked

Table 2. Parameters of the charge transfer processes in three-
component multichromophoric system 19 in different solvents

Solvent € T,/Ps T,/ps
Dichloromethane 8.9 10 75
Tetrahydrofuran 7.6 20 80
Toluene 2.4 15 90

Note. € is the dielectric constant, 7, is the primary charge
separation time, T, is the secondary charge separation/posi-
tive charge transfer time.

to fullerene and ruthenium(i1) porphyrinate as the second-
ary donor was constructed in the study.2! The authors
confirmed the occurrence of the stepwise photoinduced
electron and positively charged particle transfer giving rise
to a charge-separated state. Despite the fact that this system
does not show outstanding characteristics (Table 2), it
provides an insight into the effect of the secondary donor
on the physicochemical properties of multichromo-
phoric triads.

Macroheterocyclic complexes with tin(1v) as an oxo-
philic metal83 are the same convenient building blocks for
the preparation of fullerene-containing conjugates as
aluminum porphyrinates/phthalocyaninates. Triad 20 is
the first example of the tin(iv) porphyrinate complex
(SnPorph) and fullerene linked by axial Sn—O bonds.23
In this system, fullerenes are located on both sides of the
macrocycle plane. This triad was characterized by diverse
spectroscopic methods (UV-Vis, fluorescence, IR, and
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NMR spectroscopy and mass spectrometry) and elemen-
tal analysis. The !H NMR spectrum shows upfield shifts
of signals of protons belonging to bridging groups between
the porphyrin and fullerene components of the molecule.
In the IR spectrum, the characteristic frequencies of the
C=0 bonds are shifted from 1700 cm~! for free SnPorph
to 1667 cm~! in triad 20, which is evidence of the presence
of the carboxylate bond between metalloporphyrin and
fullerene. The structure of this triad was established by
X-ray diffraction, which confirmed the 1 : 2 stoichiometry.

An analysis of the fluorescence spectra of triad 20 and
dibenzoate SnPorph as the reference compound shows
that there is strong ;t—a interaction between the donor
and acceptor units in the molecule. The fluorescence
intensity of the triad is 140 times lower than that of free
porphyrin. The time-resolved transient absorption spectra
of the triad in toluene and benzonitrile show am extremely
fast energy transfer with the lifetime of 2.7 and 3.0 ps,
respectively.

In was noted23 that triad 20 provides a new understand-
ing of the design of artificial photosynthetic systems. In
these structures, each fullerene unit is axially linked to
tin(tv) porphyrinate through a covalent Sn—O bond.
Porphyrin—fullerene conjugates were fabricated as nano-

wires by the addition of trans-dicarboxylate-substituted
fullerene in a DM SO—chloroform system to a solution of
tin(iv) porphyrinate in chloroform. The length of the
nanowire varied from 50 to 300 nm, the time of the syn-
thesis was 72 h, and the yield of the product was 58%. It
is worth noting that this was the first study of nanowires
by NMR spectroscopy. The 'H NMR spectrum of the
nanowire is characterized by a broadening of the signals
of porphyrin protons and the absence of a signal at § 7.48,
which was assigned to the axial OH ligand in the spectrum
of free SnPorph. The 1Sn NMR spectrum shows a signal
at 5 —613.2 shifted upfield by 61 ppm with respect to the
signal for tin(1v) in metalloporphyrin measured before the
reaction with substituted fullerene. In the 13C NMR spec-
trum, significant shifts of the signals of the fullerene cage
confirm the formation of the nanowire. The morphology
and sizes of the nanowire were determined from the images
of this structure obtained by scanning tunneling and trans-
mission electron microscopy. The successful synthesis of
this compound allows the design and fabrication of nano-
materials based on macroheterocycles and fullerenes. Due
to the strong electronic coupling between donors and ac-
ceptors and the favorable arrangement of the components,
this conjugate can be considered as a promising system for
the development of new m-electron nanomaterials for
photovoltaic devices.

Silicon is also an oxophilic p-element and its macro-
heterocyclic complexes can serve as donor platforms for
the construction of covalently linked conjugates with
fullerenes.86—91 Silicon phthalocyaninates (SiPc) have
attracted attention due to their high solubility in organic
media and the absence of aggregation.87 All the synthesized
systems are 1 : 2 triads. The synthesis of complex 21 with
a chemical structure suitable for intramolecular photoin-
duced electron transfer (closely spaced fullerene and
macrocycle), showing no aggregation in solution, was
reported.8” The fluorescence intensity of triad 21 was much
lower than that of free silicon phthalocyaninate, which is
indicative of efficient quenching of the singlet excited state
of fullerene (the fluorescence quenching constant is
3.3-10%s™1). The appearance of the charge-separated state
was confirmed by time-resolved femtosecond transient
laser flash photolysis measurements. The differential ab-
sorption spectra measured at different delay times in
benzonitrile show bands at 880 and 1000 nm assigned to
SiPc'* and Cg,"~ components, respectively, which is
indicative of the formation of a charge-separated state.
The rate constant of formation of SiPc* ¥ is 3.2+ 109 s~1,
being in good agreement with the fluorescence quenching
rate constant. The lifetime of the charge-separated state
is 5 ns. This value is rather large for structures based on
metallophthalocyanines in polar solvents.

Systems based on silicon phthalocyaninate and ful-
lerodendrimers containing 2, 4, or 8 fullerene substituents
were synthesized8® in order to increase the lifetime of the
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radical ion pair. The lifetime of the charge-separated state
in polar (benzonitrile) and nonpolar (toluene) solvents
rises with increasing generation of the axially coordinated
fullerene-containing ligand. The largest value of tgryp
(160 ns in nonpolar solvents and 200 ns in polar solvents)
was observed for a third-generation system containing
eight fullerene units, four units being on each side of the
silicon phthalocyaninate.

The structures based on silicon macroheterocyclic
complexes have attracted attention due to the competitive
charge separation. The photophysical characteristics of
multimodular donor-acceptor conjugates (22 and 23) were
determined. In these triads, silicon phthalocyaninate acts
as an electron donor and tetrachloroperylene diimide
(PDI) and fullerene Cg, placed at the opposite ends of
the silicon phthalocyaninate axial positions, serve as two
electron donors.91:92 In system 23, the involvement of the
fullerene entity in the electron transfer was seldom ob-
served irrespective of which entity of the conjugate was
excited and regardless of the solvent nature.’! The com-
petitive charge separation in conjugate 22 occurred with
the participation of the acceptors PDI and Cg both in
polar and nonpolar solvents upon PDI excitation.%2
Molecular systems 22 and 23 are of practical and funda-

mental interest, allowing the determination of the factors
that influence the energy and electron transfer processes
in such multimodular systems.
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Covalent systems, in which d-metal porphyrinates/
phthalocyaninates act as electron donors, were considered
in numerous publications.?3—98 The prospects of the
practical application of the above-described conjugates
are related to the design of photoactive molecular materi-
als for photovoltaics and optoelectronics, while conjugates
based on iron(111) porphyrinates (FePorph) are of interest
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as materials for biochemical, biomedical, and pharma-
ceutical applications.?%%? Conjugate 24 based on FePorph
was bound to apomyoglobin (the protein part of myoglo-
bin) to form a conjugate-modified myoglobin.%4 Water-
soluble fullerenes exhibit biological activity190—102 against
HIV,103 herpes simplex virus, and cytomegalovirus.104
Consequently, the introduction of a fullerene entity into
water-soluble biomolecules is a possible strategy for the
production of biomaterials with desired properties. Myo-
globin modified by conjugate 24 was characterized by
means of photoelectrochemical measurements. Thus, the
cyclic voltammogram of a graphite electrode modified
with compound 24 showed two pairs of reversible peaks,
which can be assigned to the oxidation and reduction of
the central iron cation (Fe?'/Fe3*) and the porphyrin
ring. It is worthy of note that at electrodes modified by
a film of the synthesized compound, an anodic current
coupled with on-off UV light irradiation was observed at
a potential below —0.2 V. This value is close to the Fe2"/
Fe3™ redox potential in the conjugate-modified myoglobin.
The maximal photocurrent was 1.56 pA at —0.85 V. These
studies open a way to constructing biomaterials based on
conjugate-modified proteins.

The prospects of the use of the conjugate based on
FePorph and fullerene for medical applications, in par-
ticular for the targeted delivery of a paramagnetic stable
magnesium isotope to the doxorubicin-induced damaged
heart muscle, were demonstrated in the study.®® Bio-

chemical and pharmacological assays of the synthesized
conjugate in the rat myocardium affected by the doxo-
rubicin-induced hypoxia is a part of the broader research
aimed at developing pharmacological agents to prevent
local tissue hypoxia. It was found that conjugate 25 is
low-toxic and behaves as a "smart nanoparticle” capable
to release magnesium ions 23Mg2* in response to pH. The
drug delivery was accomplished by the multiple long-term
administration of low drug doses, thereby providing a pro-
phylactic or therapeutic effect in doxorubicin-induced
hypoxia.

Nickel and copper macroheterocyclic complexes have
also attracted attention as donor platforms for the prepa-
ration of covalently linked fullerene conjugates. In one of
the pioneering studies aimed at preparing such conjugates,
a system based on substituted nickel(11) phthalocyaninate
(26) and fullerene C¢ was synthesized by the Diels—Alder
reaction.? After the long-term synthesis (4 days) and
subsequent purification, the final product was obtained in
a good yield (75%). The 'H NMR spectrum of conjugate 27
showed some changes compared to the starting phthalo-
cyanine (NiPc). Thus, signals of protons of exocyclic bonds
were absent and a new signal of methylene protons ap-
peared as a multiplet along with signals of heptyl groups.
Figure 1 presents the UV-Vis spectrum of the starting NiPc
and conjugate 27. It can be seen that the formation of the
conjugate results in the splitting of the Q band of Pc with
maxima at 679 and 699 nm.

COO~

o Mg2*
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The electrochemical behavior of conjugate 27 was
characterized in the study.%5 The cyclic voltammogram
displays five reversible reduction peaks at —0.41, —0.81,
—0.90, —1.26, and —1.53 V. The reduction potentials
of nickel(11) phthalocyaninate differ only slightly from
those mentioned above, and the reduction of the fuller-
ene entity shows a pronounced optical response in the
UV-Vis spectrum. The authors ruled out the charge
transfer in conjugate 27 under ambient environmental
conditions.

The synthesis of fullerene-containing conjugates based
on nickel(11) and copper(i1) complexes with meso-aryl-
substituted porphyrins containing long-chain alkyl groups
was reported in the study.%® Conjugates 28 were prepared
from the corresponding formyl derivatives of metallopor-
phyrins and fullerene Cg by the Prato reaction (Scheme 3).
These conjugates have attracted attention in relation to
the design of artificial photosynthetic systems and the
possibility to expand the class of such nanostructured
materials as thermotropic liquid crystals.

Covalently linked assemblies based on copper(i1),
nickel(11), and cobalt(i1) phthalocyaninates and fullerene
(29—33) were synthesized.?3:96—98 These systems have

400 500 600 700 800 A/nm

Fig. 1. Electronic absorption spectra of nickel phthalocyanin-
ate 26 and its conjugate with fullerene 27 in toluene.?s

liquid-crystalline properties and are able to undergo photo-
induced charge transfer.

Liquid-crystalline compounds containing electron
donor and acceptor units are used as photoactive films in
organic solar cells.1% The capability to undergo homeo-
tropic orientation may be particularly beneficial for pho-
toelectrochemical conversions of solar energy into electric-
ity due to strong i—a stacking.1%® Conjugate 29 shows a
perfect homeotropic alignment; however, the yield of this
compound was low (about 20%). Hence, conjugates 30
were synthesized by the Prato reaction,33 instead of the
Bingel reaction,!10 resulting in high yields of the target
products (up to 81—96%). Conjugates 30 also exhibit an
ideal homeotropic alignment in the tetragonal columnar
phase at high temperatures.1!! The removal of the methoxy
group in conjugates 31 synthesized by the Prato reaction
make the compounds capable of forming homeotropic
orientation at lower temperatures.100 It should be noted
that complexes based on free Pc and copper phthalocya-
ninate show only one tetragonal columnar mesophase.

Compounds 32 were synthesized in order to elucidate
the effect of the spacer chain length (n = 6, 8, 10, 12) on
the mesomorphism.!95 The conjugates based on copper(11)
phthalocyaninate (CuPc) with short spacers (n = 6, 8)
show a hexagonal columnar mesophase, whereas the con-
jugates with long spacers (n = 10, 12) based on copper(i),
nickel(11), and cobalt(11) phthalocyaninates exhibit a te-
tragonal columnar mesophase. As part of efforts to develop
approaches to the design of photoactive components based
on liquid-crystalline conjugates for solar cells, new dyads
33 were prepared. These dyads show a homeotropic align-
ment in the hexagonal mesophase between two glass
plates.197 Since none of the starting metallophthalocyan-
ines showed this alignment, the authors suggested that this
is due to a strong affinity between fullerene and the glass
surface as a result of the formation of a helical supra-
molecular system. This method is efficient for the mo-
lecular design of homeotropic alignment-showing discotic
liquid crystals.

Ishikawa et al.93 synthesized new discotic columnar
liquid crystals based on phenoxy-substituted CuPc con-
taining the same linear alkoxy group (C;¢Hj33) at different
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Scheme 3

R = O(CHj);3Me; M = Ni, Cu

i. 1) NiCl,/Cu(OAc),, MeOH, CHCl;; 2) DMF and POCl;, CHCl;; ii. Cgy, N-methylglycine, toluene, Ar.

positions of the phenoxy group (only in the meta or para
position or simultaneously in both positions). The inves-
tigation of the mesomorphism of these compounds by
differential scanning calorimetry, X-ray diffraction, and
polarized optical microscopy demonstrated the formation
of columnar mesophases. Generally, the homeotropic
alignment was observed for derivatives containing sub-
stituents both at the meta and para positions. The authors
noted that the meta-substituted derivatives containing long
alkoxy chains (conjugate 34) are suitable for the formation
of a helical supramolecular structure. The elucidation of
the relationship between the molecular structure of the
conjugates and their liquid-crystalline properties is an
important step in the development of molecular materials
with required properties.

In a simple covalently linked dyad, the charge separa-
tion occurs from the excited singlet state* of the sensitizer.

* Hereinafer, the excited singlet state is indicated by the super-
script 1.

Obondi et al.%7 developed an alternative approach to im-
prove the photophysical characteristics using the high-
energy triplet state. For this purpose, the authors prepared
porphyrin—fullerene dyads containing palladium(ir) and
platinum(ir) porphyrinates (PdPorph and PtPorph) as
electron donors. The synthesis involved several steps: the
formation of Porph, its formylation, the complexation using
palladium acetate PdAc, or platinum chloride PtCl,, and
the synthesis of fullerene conjugates by the Prato reaction.

The energies of the excited triplet states of heavy metal
porphyrinates are rather high (1.89 and 1.84 eV for Pd!!l
and Pt!! porphyrinates, respectively). The use of these
compounds as photosensitizers facilitates the fast inter-
system crossing process. However, the photoinduced
electron transfer from short-lived singlet or long-lived
triplet excited states of metalloporphyrins to fullerene did
not occur, as evidenced by the absence of characteristic
absorption bands in the differential absorption spectra at
different delay times. Nanosecond absorption spectroscopy
measurements demonstrated the triplet-triplet energy
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M =Pd, Pt

transfer from the triplet excited state of metalloporphyrin
to fullerene in dyads 35. This gave impetus to further research
on the synthesis?® of conjugates based on porphyrins of
heavy metals, in particular Pd!! (conjugates 36 and 37).
To bring the donor and acceptor into close proximity,
fullerene in dyad 36 is linked to PdPorph via the 3 posi-
tion. This approach enables an increase in the rate of
electron transfer from the excited palladium porphyrinate
to fullerene. Triphenylamine (TPA) substituents at the
periphery of the porphyrinate macrocycle in conjugate 37
were introduced in order to stabilize PdPorph” . This, in
turn, influences the electron transfer through the triplet-
triplet excited state. The above-considered approaches to
the design of systems, in which the triplet electron transfer
leads to the long-lived charge-separated state, were found
to be promising. This system is of interest as a potential

35

photocatalyst. Consequently, investigations of the mech-
anisms of charge separation in the [Pd(TPA);Porph]*"—
Cg~ system are ongoing.!12

Covalently linked Porph/Pc—Cg conjugates are prom-
ising components of photoactive, medical, and pharma-
ceutical materials. Meanwhile, there are other approaches
to the synthesis of systems simultaneously containing
a donor (a macroheterocyclic complex) and an acceptor
(fullerene), namely the formation of supramolecular sys-
tems. Before proceeding to the discussion of the diversity
of supramolecular systems and the ways of their formation,
let us mention the publication,!!3 in which the donor-
acceptor binding of two dyads (38 and 39) was shown to
have advantages over covalent binding.

It was found that the azulenocyanine-centered excited
state in covalently linked dyad 39 does not enhance elec-
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tron transfer upon photoexcitation. The electron transfer
was not observed because the excited state is spread over
the azulene moiety of the macrocycle, while the electron-
accepting fullerene is linked to the isoindole entity of the
molecule. On the contrary, the photoinduced electron
transfer occurs in donor-acceptor system 38. The results
of these study demonstrate the importance of the appropri-
ate choice of the strategy for the synthesis of systems ca-
pable of exhibiting photoinduced charge separation. The
efficient approach to the synthesis of supramolecular
systems through metal—nitrogen coordination bonding is
considered in detail below.

2. Supramolecular systems based on
s-, p-, and d-metal macroheterocyclic
complexes and fullerenes

First studies on the synthesis of supramolecular systems
based on macroheterocyclic complexes and fullerenes

dated back to the end of the 20th century. Various supra-
molecular systems based on zinc porphyrin and phthalo-
cyanine complexes with fullerenes were studied in most
detail. These systems are stabilized by non-covalent bonds,
such as hydrogen bonding, 114115 crown ether—ammonium
ion binding,116:117 electrostatic interactions, 118:119 anionic
interactions 12! and axial metal—ligand coordination.122—125
In recent years, porphyrin and phthalocyanine complexes
with other s-, p-, and d-metals have captured the attention
of researchers. The use of such complexes as donor plat-
forms may expand the possibilities of designing supra-
molecular systems with valuable properties.126—128

In the beginning of the 21th century, molecular com-
plexes of fullerenes (Cgo/C79) with metalloporphyrins
(cobalt(11), nickel(11), copper(11), and iron(11r) octaethyl-
porphyrinates (OEP)) were prepared relying on relatively
weak (compared to the classical covalent chemical bonds) van
der Waals interactions. 126 Their structures were established
by X-ray diffraction. It was found that the molecular
complexes Cg*2CoOEP+ CHCl; and Cy(,O«2CoOEP -
+ CHCIj; containing one Cy molecule surrounded by two
metalloporphyrin molecules were formed by the interac-
tion of CoOEP with Cgj, whereas the 1 : 1 complexes
(C70 +CoOEP- C6H6 * CHC13, C70 *NiOEP- C6H6 ° CHC13,
C59* CuOEP - C4Hg* CHCI3, and C4O « CIFeOEP - CHCl5)
were produced in other cases.126

Molecular complexes of composition 1 : 1 were pre-
pared by evaporation of solutions containing fullerene
(C¢0/C7o) and the appropriate Mnl!l, Coll, Cull, Nilll
tetraphenylporphyrinate (M/TPP).128 It was found that
the ability to form porphyrin—fullerene dyads depends on
the solvent nature. Thus, the complex of fullerene with
Mn(TPP) was prepared only in CS,, the complexes with
Cu(TPP) and Co(TPP) were obtained in benzene and
toluene, whereas attempts to isolate the complex with
nickel tetraphenylporphyrinate were unsuccessful. All
M(TPP)—Cq, complexes are well-formed crystals, some
of which slowly decompose in air or even under an argon
atmosphere due to the loss of the solvent, i.e., they are
unstable. These systems were studied by EPR, IR, UV-Vis,
and X-ray photoelectron spectroscopy, which demon-
strated that no significant charge transfer from porphyr-
inate to fullerene molecules occurred.!28

Fullerene-containing triads based on Jaw-like Pd, Zn,
Cu, Co, Fe, Mn bis(metalloporphyrinates) (M,JawsPorph)
were synthesized.!® These triads contain two palladium-
linked metalloporphyrins (40). The host—guest complex-
ation with fullerene Cg, was studied in toluene. The
Soret bands of metalloporphyrins were bathochromically
shifted (up to 7 nm). The binding constants for C¢, and
M,JawsPorph were determined by variable-temperature
13C NMR spectroscopy in toluene-dg (Table 3). The af-
finity of MyJawsPorph for Cg, increases in the series
Fell < Pdll < Zn!! < Mnll < Coll < Cull < 2H. Quite
unexpectedly, porphyrin H,JawsPorph was found to be
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stronger linked to fullerene compared to metallopor-
phyrins. The authors attributed this fact to electrostatic
attraction between Cg, and the electropositive site of
porphyrin, assuming that the van der Waals attractive
forces are not constant in the series of metalloporphyrins.
A different degree of porphyrin distortion leads to a change
in the contact surface area with fullerene, thereby facilitat-
ing the change in the van der Waals term and the binding
energy. The principles of supramolecular assembly de-
duced from these studies offer new possibilities for as-
sembling discrete supramolecular complexes and highlight
the potential application to control the photophysical
properties and the charge transfer in single-molecule
magnets and molecular conductors and to construct of
new porous metal-organic frameworks.

The development of efficient methods for the synthe-
sis of supramolecular systems made it possible to observe
the coordination of fullerene radical anions to cobalt(1r)
tetraphenylporphyrinates (CoTPP). In 2003, the multi-
component ionic complex CoTPP-2C4,(CN),-
+2Cr(CgHg), - 3CcH4Cl,, where Cr(C¢Hg), is bis(benz-
ene)chromium and CH4Cl, is 1,2-dichlorobenzene, was
synthesized. The crystal of this complex suitable for X-ray
diffraction was obtained under an inert gas atmosphere by
the diffusion of hexane into a solution of fullerene, CoTPP,

Table 3. Stability constants of supramolecular triads (40) based
on bis(metalloporphyrins)!8

Metal (M) B/L mol~! Metal (M) B/L mol~!
Fe2* 490+15 Co?t 29754120
Pdz+ 815+120 Cu?t 4860+250
Zn2+ 1945+750 2H 5200%120
Mn?2+ 2760120

and Cr(C¢Hg), in 1,2-dichlorobenzene. According to the
crystallographic data, one Cgy(CN), molecule is covalently
linked to CoTPP (the Co--Cidistance is 2.28 A), whereas
the second Cg((CN), molecule in involved in a van der
Waals interaction with CoTPP (the Co--C distances are
2.79 and 2.93 A).129

In the multicomponent ionic complex (CoTPP(Cyy)), *
«1.7Cr(Cg¢Hg), * 3.3C¢H,Cl,,13% the Co--Cybond lengths
are 2.29—2.32 A. The smaller Co--C; bond lengths in
the ionic complexes compared to the molecular com-
plexes of fullerenes with cobalt(11) porphyrinates (2.55—
3.00 A)126,131 i djcate that the fullerene radical anions are
stronger ligands compared to the neutral Cg, molecules.
The o-binding of fullerene is attributed to the presence of
an additional electron on its it* level, which interacts with
the dz?2 orbital of cobalt(11) porphyrinate. According to the
UV-Vis and IR spectra, fullerene in these complexes is in
the monoanionic state.130

Various coordination assemblies of molecular and ionic
complexes based on metalloporphyrins or metallophthalo-
cyanines with neutral and negatively charged fullerenes
are summarized in the review.132

Supramolecular systems can also be prepared through
self-assembly processes based on s-, p-, and d-metal por-
phyrinates or phthalocyaninates and fullerenes involving
axial metal—ligand coordination. In the first review3 de-
voted to photoactive donor-acceptor systems with this
binding mode, the synthesis of supramolecular dyads and
triads based on ZnPorph or ZnPc as the donor and fuller-
enes as the acceptor was described in detail. These supra-
molecular assemblies are still attracting attention. The
functionalization of the donor and acceptor entities of the
system leads to an increase in the lifetime of the charge-
separated state and retardation of the charge recombina-
tion, which is very important for their further practical
application.1»?

The photoinduced electron transfer through the axial
metal—ligand coordination within the supramolecular
system was studied using fullerenes (Cg,/C5() functional-
ized with pyridyl (Py) or phenylimidazole (Im) groups
(I—IITI). These groups enhance the solubilization of fuller-
enes in organic media and, consequently, facilitate the

\
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R2 = NAN
-
PyPPVCgo: R' = H,

OC12H2s5 /=

W

R%=

OC12H2s

7\

I PyaCeo: R' = R% =



256 Russ. Chem. Bull., Int. Ed., Vol. 70, No. 2, February, 2021

Bichan and Ovchenkova
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study of the reactions with their participation. Besides,
fullerene derivatives exhibit excellent electron-withdraw-
ing properties because the charge delocalization over their
spherical structure stabilizes the unpaired electron, result-
ing in low reorganization energies.133

An analysis of supramolecular systems demonstrated
that their photochemical properties are controlled not only
by the binding mode of the components of the system but
also by the solvent nature, in which the self-assembly oc-
curs, the nature of functional substituents of macro-
heterocyclic compounds and fullerenes, and the steric
factors. The metal ion in the Porph/Pc plane also plays
an important role, thereby making it possible to study the
effect of the structure on the reactivity of supramolecular
systems and their ability to exhibit photoinduced charge
separation. Magnesium meso-tetraphenylporphyrinate
(MgTPP) was used as the donor for the construction of
the porphyrin—fullerene dyad.!®> This compound has
a number of advantages over zinc porphyrinates. Thus, it
has a higher fluorescence quantum yield and a longer
excited-state lifetime!5 and can bind up to two axial li-
gands, 134 as opposed to zinc porphyrinates coordinating
only one axial ligand. The composition of the donor-ac-
ceptor complex MgTPP with ImCg, was determined by
spectrophotometric titration. It was shown that the syn-
thesis afforded five-coordinate complex 41 with a stability
constant of 9.2+ 103 L mol~!.15 Attempts to synthesize the
six-coordinate complex 2ImCg,* MgTPP and characterize
it by spectroscopic methods failed, because higher con-

centrations of ImCy are required for its formation, which
interferes with the observation of the spectral features of
MgTPP.

kes = 1.1-1010 g7

The molecular geometry and electronic structure of
complex 41 were determined by quantum chemical cal-
culations in terms of the density functional theory (DFT)
using the three-parameter functional B3LYP and the 21G*
basis set (B3LYP/3-21G¥*). In the optimized structure of
the resulting dyad, the Mg«—Ny,c, distance is 2.06 A.
The frontier molecular orbitals (HOMO and LUMO) are
spread over the porphyrin and fullerene entities, respec-
tively, which is indicative of the photoinduced electron
transfer in the obtained system. The ratio of the charge
separation to charge recombination rates in dyad 41, which
was evaluated by time-resolved emission and transient
adsorption spectroscopy, respectively, is much higher
compared to that for the ImCgy+ZnTPP dyad.!l The
decay constant Kqy = 2.8+10* L mol~! was determined
by the fluorescence titration of MgTPP with ImCg, in
1,2-dichlorobenzene under an argon atmosphere and the
data processing by the Stern—Volmer method. This con-
stant is indicative of the efficient decay process with the
rate constant k, = 5.6+ 10!2s~! and the lifetime of 5 ns for
IMgTPP* and also confirms the occurrence of electron
transfer in the dyad.

Among p-metal macroheterocyclic complexes, alumi-
num porphyrinates (AlPorph) and indium porphyrinates
(InPorph) form donor-acceptor systems with fullerenes.
Aluminum porphyrinates are of interest due to their abil-
ity to form five-coordinate complexes through the covalent
binding of the metal center to carboxylic acids!3% or alco-
hols!36 and also six-coordinate complexes through the
axial coordination of N-bases.3? In the aluminum(in)
porphyrinate molecule, the covalently linked ligand and
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the ligand linked by the donor-acceptor interaction are
located on opposite sides of the porphyrin plane. The
geometry of this molecule provides an excellent opportu-
nity to study the effect of the electronic coupling energy
and reorganization energy on the energy and electron
transfer in the perpendicular (axial) direction with respect
to the porphyrin plane and also to solve a general problem
often encountered in such porphyrin structures, namely,
to prevent aggregation.!37 Triads 42—45 based on AlPorph
were synthesized and characterized.137 In these triads,
4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (boron dipyrro-
methenate, BODIPY, BDP), bearing a hydroxy or carb-
oxylate group and covalently linked to the aluminum cen-
ter, served as an electron donor, and pyrrolidinyl-substi-
tuted fullerenes (PyCgy and PyPPVCy,, PyPPVis pyridine
poly(p-phenylene vinylene)), linked to the metal center
by a donor-acceptor interaction, served as electron accep-

A=A',2=271(42); A=A2,Z=2"(43); A=A',Z=72 (44);
A=A27=72(42)

Triad A Z B/Lmol~!  -AGgr*/eV -AGgg*/aB
42 Al 71 7.57-103 1.57 0.57
43 Az 71 5.04-108 1.59 0.55
44 Al Z2 5.20-108 1.55 0.60
45 A2 72 2.27-108 1.55 0.59

* The data from Ref. 137.

tors. The stability constants of the supramolecular systems
were determined by spectrophotometric titration. Their val-
ues for the triads with PyCy, (42, 44) were found to be some-
what higher compared to the PyPPV—Cy triads (43, 45).

Thermodynamic feasibility of the energy transfer from
IBDP* to AI(TPP) and the subsequent electron transfer
from !Al(TPPorph)* to generate the BDP-AI(TPP)" T—
Cgo"~ radical cation pair was derived from free-energy
calculations of the charge separation (—AG¢g) and charger
recombination (—AGcg) using analysis of cyclic volt-
ammograms and DFT quantum chemical calculations
(B3LYP/6-31G*). The study by time-resolved transient
absorption spectroscopy demonstrated that the BDP-
AI(TPP)"*—Cg,"~ charge-separated state persisted for
a few nanoseconds prior to returning to the ground state.

Four supramolecular triads 46—49 were synthesized
by the assembly of the appropriate aluminum (i) (3,4,5-tri-
fluorophenyl)porphyrinate (AI(TPF;Porph)) with imid-

Me F ,F Me
<n-BN N\

R=H@6), I I/ @7
Me Me



258 Russ. Chem. Bull., Int. Ed., Vol. 70, No. 2, February, 2021

Bichan and Ovchenkova

Table 4. Stability constants () and optical characteristics
(A= 545 nm) of spatially separated supramolecular triads 46—49

Triad B/L mol~! kes/s™! kgar*/s™!
46 1.38-10° 2.77-10° —
47 1.03-10° 2.43-109 —
48 5.99-104 3.35-109 1010
49 8.81-104 1.40-1010 —

* kgnt is the energy transfer rate constant.

azole-functionalized fullerene.13® In these triads, the
components are spatially well separated without any elec-
tronic interactions. Photoinduced processes in the triads
were studied by steady-state fluorescence and femtosecond
transient absorption spectroscopy. Diverse redox and
optical properties of the entities in triads 46—49 allowed
the investigation of the influence of the excitation wave-
length on the photochemical process in the triads (Table 4).
Thus, the excitation of the AI(TPF;Porph) entity in triad 47
causes the electron transfer from !AI(TPF;Porph)* to
ImCg to form the BDP—AI(TPF;Porph)"* < ImCgy"~
radical ion pair, whereas the excitation of the BDP
entity induces rapid energy transfer from !BDP* to
IAI(TPF;Porph)*.

In triad 48, the excitation of Al(TPF;Porph) leads to the
charge separation and subsequent consecutive electron
transferstoform Phy-BDP—!Al(TPF;Porph)* <— ImCgy — Ph,-
BDP—AI(TPF;Porph)** <~ ImCgy,"~ — (Ph,-BDP)""—
Al(TPF;Porph); «— ImCg "~ radical pairs. However, the
rate of the competitive energy transfer from !Ph,-BDP*
to 'Al(TPF;Porph)* is an order of magnitude higher that
the charge separation rate. Hence, the excited state
IAI(TPF;Porph)* is strongly quenched. In triad 49, the
excitation of both the Al(TPF;Porph) and TPA,-BDP
entities (TPA is triphenylamine) causes only the electron
transfer giving rise to the charge-separated state (TPA,;-
BDP) " *—AI(TPF;Porph) <- ImCg," ~. Therefore, styryl-
containing BDP derivatives improve the optical sensitiv-
ity of the supramolecular system as a whole, but their
extended structure (additional functionalization with BDP)
showed a modest influence on the stabilization of the fi-
nal radical pair (BDP derivative) ' *—AI(TPF;Porph) <
<« (ImCgp)" .

A supramolecular system TPE-AlI(TPPorph) < ImCy
utilizing tetraphenylethylene (TPE) as the secondary
electron donor was characterized.! It was shown that the
initial charge separation between TPE and Al(TPPorph)
occurs with the formation of the high-energy state TPE" T —
Al(TPPorph) "~ <~ ImCy (2.14 €V), which undergoes the
charge shift to ImCg to form the second high-energy state
(1.78 V) TPE" *—AITPPorph < ImCgq," ~ with a lifetime
of about 25 ns. Therefore, the triads based on aluminum(iir)
porphyrinates can be used as potential electron-transfer
catalysts for high-energy photochemical reactions, particu-

larly in the artificial photosynthesis as a path to convert
solar energy into chemical energy.

Indium(i11) porphyrinates (InPorph) provide another
example of p-metal macroheterocyclic complexes capable
of forming donor-acceptor systems with fullerenes.!3?
These compounds are potential photosensitizers for photo-
dynamic therapy and other photosensitive devices, such
as organic light-emitting diodes and thin-film transistors.
Indium porphyrinate displays the desired photophysical
properties, such as a long lifetime of the excited triplet
state, a short fluorescence lifetime, a low fluorescence
quantum yield, and a high quantum yield of the singlet
oxygen generation.140 The study of (Cl)InTPPorph and
axially substituted (X)InTTPorph (TTPorph is tetra-p-
tolylporphyrin) with different axial ligands demonstrated
that the axial ligands have a positive effect on the nonlin-
ear optical properties of metalloporphyrins.!41 The cluster
complexes of InPorph with Os;(u-H),(CO), region were
synthesized and characterized.142 These compounds show
promising synthetic characteristics for the sensor protec-
tion in the visible region.

Dyads 50 and 51 were constructed by the assembly of
individual components of the system in CHCl; and tolu-
ene, respectively.25:26,143 The stability constants of supra-
molecular dyads 50 and 51, evaluated by spectrophoto-
metric titration, are 2.3+ 103 and 6.9+ 10* L mol™!, respec-
tively. The equilibrium constants of the formation of
porphyrin—fullerene dyads based on unsubstituted (Cl)
InTPPorph and PyCg, are approximately an order of
magnitude higher than those of the dyads based on (Cl)
InTPPorph(2-OMe), and Py;C¢,. Hence, the OMe group
in porphyrin and the pyridin-2-yl substituents in Py;Cg
cause a decrease in the probability of the formation of
porphyrin—fullerene coordination dyads. The presence
of two pyridin-2-yl substituents in Py;Cg¢, reduces the
basicity of the nitrogen atom in the third pyridyl moiety
(pyridin-2-yl), which is involved in the coordination to
fullerene. Indium(iir) porphyrin complexes were shown
to be promising for the development of photoconverters
due to high affinity for fullerene-containing organic bases
and the higher molar absorption coefficient in the near
UV-Vis region ((Cl)InTPPorph, loge = 4.98 with a maxi-
mum at A = 420 nm in CHCly).

Macroheterocyclic complexes of Porph/Pc with d-met-
als also have the unique ability to coordinate different
molecules, in particular fullerenes, by forming donor-
acceptor dyads and triads with promising optical and
photoelectric properties and have intramolecular photo-
induced electron transfer properties. For example, ruthen-
ium(i1) Porph/Pc can be used to control the geometry and
stoichiometry of donor-acceptor systems. The presence
of the strongly bound carbonyl ligand in one of the two
axial Ru!! coordination sites facilitates the coordination
of another ligand, in particular fulleropyrrolidine, on the
opposite side of the macrocycle.42:144 Donor-acceptor
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51
Compound B/L mol-1
50 2.3-103
51 6.9-104

complexes based on ruthenium(i) carbonyl tetraphenyl-
porphyrinate and fullero[60]pyrrolidine derivatives func-
tionalized with the pyridine ring and a hydrophilic chain
(52—54) were synthesized!44 as a model for the investiga-
tion of the electron transfer process and in order to prepare
Langmuir—Blodgett (LB) films. The structures of these
complexes were confirmed by 'H and '3C NMR and
UV-Vis spectroscopy and mass spectrometry. The cyclic
voltammetry study of dyad 52 showed that several electron
transfers occur during the scan, and the dyad displayed
a higher stability in terms of reduced and oxidized states.
To circumvent the annihilation problem, dyad 53 was
spread on a quartz slide as a 1 : 20 mixture with arachidic

acid to form LB films.144 In the monolayers that formed,
the dyad molecules are rather spaced apart, thereby ruling
out their electronic communication. Photophysical stud-
ies (time-resolved transient absorption spectrophotometry)
demonstrated that electron transfer occurs in the solid film
with a lifetime of the radical ion pair of 2.2 ms.

52-55

R =Me (52), - O~ 0O~ c (53),
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Mateo-Alonso ef al.145 went further and synthesized
triad 55. This triad is based on (CO)RuTPP and pyridyl-
substituted fullerene (electron acceptor) containing two
ferrocene (Fc) electron donors coupled by hydrogen bonds
in a rotaxane fashion. The authors suggested that this
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combination of entities in the system promotes a unidi-
rectional cascade of two consecutive charge transfer reac-
tions between the three units. The formation of triad 55
was monitored by electronic and NMR spectroscopy. The
photophysical behavior of the triad and its components
was studied in detail by time-resolved transient absorp-
tion spectrophotometry in CH,Cl,. The excitation of
(CO)RuTPP induces electron transfer to Cg to form the

(CO)RUTPP"*—Cg,"~ radical ion pair. The subsequent
charge shift gives rise to the Cqy"~—Fc'* pair with
a lifetime of 26 ns. A comparison of the lifetimes of the
(CO)RUTPP"*—C¢, "~ radical ion pair in dyad 54 (2200 ps)
and triad 55 (895 ps) showed that it is 2.5 times shorter in
the triad than that in the dyad, which is indicative of an
accelerated decay due to the charge transfer shift in triad
55. However, the lifetime of the final charge transfer
product in the triad is longer than that in the dyad and
remains persistent for 3.0 ns, i.e., exceeds the 3.0 ns time
window of the available apparatus. These data show the
prospects of investigations of supramolecular systems
having donor-acceptor geometry.

Donor-acceptor complexes 56—58 were synthesized42
in order to evaluate the effect of the donor to acceptor
ratio on the chemical, electrochemical, and photophysical
properties of supramolecular systems. It was found that
the electron distribution in the ground state of donor-
acceptor systems 56—58 strongly depends on the presence
of a powerful t-acceptor carbonyl group in their structures.
By contrast, in the excited state, the behavior of these

But

EtO(0)C

EtO(0)C
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systems significantly depends on the number of coordi-
nated fullerene molecules. Therefore, it was shown that
donor-acceptor systems based on RuPc and pyridyl-
substituted fullerenes are universal platforms for the fine
tuning of the results and the dynamics of charge transfer
processes. The use of RuPc instead of the corresponding
ZnPc with a high-lying triplet excited state made it pos-
sible to suppress energy loss and undesirable charge re-
combination and achieve long lifetimes of the radical ion
pairs up to hundreds of nanoseconds for systems 56 and
57. It should be noted that for system 58, despite a high
energy of the radical ion pair (the reduction potential is
shifted to cathodic values), the energy level of the triplet

A
7

I\ >

excited state of RuPc is insufficiently high and provides
rapid deactivation of the radical ion pair state.

The advantages of cobalt porphyrin/phthalocyanine com-
plexes (CoPorph/CoPc) are high chemical, electrochemical,
and photochemical stability and high coordination capacity
of the central metal atom, promoting the modification of
these compounds at the axial position to form thermo-
dynamically stable donor-acceptor systems with fullerenes.
This is important in studies of the components used in
photovoltaic devices. It was shown that cobalt(i1) porphy-
rin complexes form donor-acceptor triads (59—64) with
pyrrolidinyl[60]fullerenes, whereas only dyads (65—68)
are formed with cobalt phthalocyanine.27—32,146,147

A

=
7

A
= F
A A
59, 60 61, 62,64
A
63
A=A'(59, 61—64), A% (60)
Compound R K;/L mol~! Ky/L mol~1 B = Ky Ky/L2 mol2
59 — 1.79-10% 5.76-10° 1.04-1010
60 — 9.30-108 6.00-10% 5.58-108
61 é—@ 5.43-104 8.69-10% 4.69-10°
62 é—QPri 1.59-104 2.02-10° 2.21-10°
63 g—@—pri 3.29-104 6.23-104 2.05-10°
64 @But 1.04-104 1.21-106 1.34-1010
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B =5.62-105(65), 6.60- 105 (66), 1.84-105 L mol~' (67)

The reactions of CoPorph with pyridyl-substituted
pyrrolidinyl[60]fullerenes were studied by spectrophoto-
metric methods, which enabled the accurate determination
of the thermodynamic and kinetic parameters of the pro-
cess and the observation of the spectral difference between
the five- and six-coordinate metalloporphyrin complexes.
The investigation of the reactions of CoPorph (Porph is
5,10,15,20-tetraphenylporphyrin, 5,10,15,20-tetra(4-
isopropylphenyl)porphyrin, 5,10,15,20-tetra(4-ztert-butyl-
phenyl)porphyrin, and 2,3,7,8,12,18-hexamethyl-13,17-
diethyl-5-(2-pyridyl)porphyrin) with PyCg,/ImCy¢y/Py;Cg
showed the occurrence of two equilibria. The first fuller-
ene molecule is coordinated immediately after the mixing
of the reagents, whereas the coordination of the second
Cgo molecule takes place at a measurable rate. Both equi-
libria were quantitatively characterized using the time-
dependent spectrophotometric titration.* An analysis of
the numerical values of the equilibrium constants in the
first (K;) and second (K;) steps and the total stability
constant (B, Bior = Kj * Ky) of the triads showed that the

* Processing of the results of the spectrophotometric titration at
1T =0 and 1 = oo after the completion of the slow reaction for all
compositions of the mixture.

stability of the supramolecular systems depends on the
nature of the substituents at the macrocycle and fullero-
[60]pyrrolidine. Donor-acceptor triads 59 and 64 proved
to be the most stable. Apparently, the presence of electron-
donating alkyl substituents in the porphyrin ligand stabi-
lizes these supramolecular systems. The structures of the
synthesized dyads and triads were confirmed by IR and
'H NMR spectroscopy. The geometric parameters of triad 59
were determined by density functional theory quantum
chemical calculations (DFT, B3LYP-D3/6-31G (d,p)).
According to these calculations, the pyridine rings of PyCg,
in triad 59 are perpendicular to the plane of the porphyrin,
and the Co—Npyc,, distances are 2.263 and 2.288 A.28
The electron density of the HOMO and LUMO is spread
over the porphyrin and fullerene entities, respectively. The
experimental data, the results quantum chemical calcula-
tions, photochemical measurements, and cyclic voltammetry
features suggest the occurrence of the efficient photoin-
duced electron transfer in triad 59. The CV study of the
resulting macroheterocyclic complexes showed changes
in the redox potentials of the individual components, which
is evidence of the interaction between these components.

The reaction of cobalt(11) octakis(3,5-di-fert-butylphen-
oxy)phthalocyaninate with fullero[60]pyrrolidines affords
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donor-acceptor dyads 65—68 rather than triads. This is
apparently due to the steric factor associated with the
presence of the highly branched system of substituents at
the periphery of the macrocycle. An analysis of the stabil-
ity constants () of these dyads showed that dyad 66 is the
most stable one, This is apparently attributed to the struc-
tural features of pyrrolidinofullerene, such as the presence
of the imidazole group more basic compared to the pyri-
dyl moiety. The photoinduced electron transfer in dyad
66 was demonstrated using time-resolved transient absorp-
tion spectroscopy, and the rates of charge separation
(1.4+10'3 s 1y and charge recombination (4.0 + 1019s~1) were
determined for the CoPc**—ImCg," ~ radical ion pair.147

The modification of a titanium dioxide electrode with
natural oxide film (NOF) by the synthesized donor-ac-
ceptor systems based on CoPorph/CoPc allowed the de-
termination of their photoelectrochemical properties. The
photocurrent density (j,p) and the IPCE (the mono-
chromatic analog of the external quantum efficiency) were
determined in a Tilfilm|0.5 mol L=! Na,SO,|Pt short-
circuited electrochemical cell upon irradiation of the
samples by monochromatic light at A = 365 nm (Table 5).
An analysis of these values showed that the photocurrent
and IPCE of the TiO, electrode modified with fullerene-
containing Porph/Pc systems are 2—3-fold larger com-
pared to the corresponding values of the individual com-
ponents of the donor-acceptor systems. The largest values
of jpn and IPCE were observed for the films modified
with triad 59.

Other representatives of macroheterocyclic d-metal
complexes are manganese(111) porphyrinates/phthalocyan-
inates (MnPorph/MnPc). The reactions of these com-
plexes with pyridyl-substituted fullerenes afford exclusively
donor-acceptor dyads (69—76). It was noted that the
nature of the tetrapyrrole macrocycle has no effect on the
composition of the products but influences the time of the
synthesis of the fullerene—based manganese(ii1) macro-
heterocyclic complex and the stoichiometry of the reac-
tion. Thus, the formation of dyad 69 based on (C1)MnOEP
and PyC, occurs within 5 days, 148 whereas the formation
of dyads based on manganese(ii1) (octakis(4-fert-butyl-
phenyl))tetraazaporphyrinate acetate (70, 71)149150 and
manganese(111) (octakis(3,5-fi-zert-butylphenoxy))phthalo-
cyaninate acetate (72—74)147:15L152 requires 10—60 min.
In the case of (CI)MnOEP, the addition of PyCy is a slow
one-step irreversible process, whereas in the case of
manganese(111) tetraazaporphyrin complexes, the reaction
occurs in two steps. The latter process involves the rapid
irreversible coordination of fullerene at the manganese
atom in the macrocycle and the subsequent irreversible
displacement of the acetate ion from the coordination
dyad. The displacement rate constant is inversely dependent
on the fullerene concentration in a first-order manner.
According to the spectrophotometric measurements, the
formation of dyads 72—76 in the case of MnPc is described
as a two-step process with a rapidly established equilibrium
between the starting compounds and the donor-acceptor
complex followed by the slow displacement of the acetate

Table 5. Photocurrent density (j,,) and the incident photon-to-current efficiency (IPCE) for the Tilfilm|0.5 mol L~!
Na,SOy|Pt system upon irradiation of the samples by monochromatic light at A = 365 nm¢

No. Titanium electrode with NOF Jph/MA cm™2 IPCE (%) Ref.
Natural oxide film 0 0 —
2 PyCeg (Cpycyy= 1.5 10~%) 96.58 23.27
CoPorph (Ceoporpn = 1.8+ 1075)° 116.69 28.11
59 (Ccoporph = 1.8+ 1075, Cpyc, = 1.5+107%) 287.04 69.16 28
3 PyCgy (Cpycy, = 2.71075) 78.95 19.02
CoTPPorph (Ccorpporph = 3.5+ 1076) 77.53 18.68
61 (CcoTpporph = 3.5+ 1076, Cpycyy =2.7+1079) 166.91 40.22 32
4 PyCgy (Cpycyy = 2.71075) 78.95 19.02
CoPorph (Ceoporpn = 4.2+ 1070)¢ 85.80 20.67
64 (Ccoporph = 421078, Cpyc, =2.71079) 175.05 42.18 31
5 PyCeg (Cpycyy=1.5+107%) 96.58 23.27
CoPc (Cope = 5.3 1075) 98.31 23.69
65 (Ceope = 5.3+ 1073, Cpycyy = 1341074 233.50 56.26 29
6 ImCeg (Cpeg, = 1.4+ 1074 98.23 23.67
CoPc (Ceope = 5.3+107) 98.31 23.69
66 (Ceope = 531075, Cipcyy = 1.3+107%) 244.32 58.87 147

a C are the concentrations of the components, mol L—1.

b CoPorph is cobalt(11) 2,3,7,8,12,18-hexamethyl-13,17-diethyl-5-(2-pyridyl)porphyrinate.
¢ CoPorph is cobalt(11) 5,10,15,20-tetra(4-tert-butylphenyl)porphyrinate.
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ion to the outer coordination sphere. The rate of the latter
reaction was independent of the PyCg, concentration. The
IR spectroscopic study of dyads 70—76 confirmed the
formation of cationic donor-acceptor complexes. In the
spectra of these compounds, the frequency difference
between two stretching vibrations v,((O—C—O) and
v(O—C—O0) was less than 225 cm~!, which is indicative
of the ionic binding mode of the acetate anion.

It was shown®4 that the fluorine-containing substituents
in the macrocyclic ligand can terminate the electronic
coupling in the phthalocyanine—fullerene dyad and pre-
vent the intramolecular electron transfer from Pc to
fullerene, whereas its nonfluorinated analog shows intra-
molecular photoinduced electron transfer. In the case of
dyads 75 and 76 containing 3-fluoromethylphenyl- and
3-fluoromethylphenoxy groups, respectively, the photo-
induced electron transfer was confirmed by quantum
chemical calculations (the electron density distribution of
HOMO in the porphyrin entity and LUMO in the fuller-
ene entity) and by fluorescence spectroscopy (based on
fluorescence quenching of MnPc upon the formation of
the donor-acceptor system).132 In dyads 72 and 73, this
transfer is evidenced by the cyclic voltammetry data (based
on the shift of the redox potentials of individual compo-
nents upon the formation of dyads) and femtosecond
transient absorption spectroscopy (the charge separation
and recombination rates are 1.25+ 1013 and 1.0+ 10% s—1,
respectively, for dyad 73).147

The photocurrent density and the incident photon-to-
current efficiency (IPCE, A = 365 nm), measured using
atitanium dioxide electrode modified with donor-acceptor
systems 70, 72, and 73, are given in Table 6. It is seen that
the dyad films, rather than individual components, have
high photoelectrochemical characteristics. Hence, supra-
molecular systems are promising for the preparation of
components for photovoltaic devices.

Researchers paid attention to porphyrin complexes
with metals, which have a formal charge higher than three
due to a high coordination capacity along the axial direc-
tion. This improves the coordination of pyrrolidinyl-
substituted fullerene to form porphyrin—fullerene systems
of different orders. Thus, porphyrin—fullerene dyad 77
and triad 78 based on molybdenum(v) hydroxo(5,10,15,20-
tetraphenylporphyrinate) (Mo(O)(OH)TPP) were syn-
thesized.37-38 The equilibria and rate constants in the
course of the synthesis were quantitatively characterized.
According to the spectrophotometric study, the reaction
between Mo(O)(OH)TPP and fullero[60]pyrrolidine in-
volves two steps: the rapid establishment of the equilibrium
between the starting compounds and the 1 : 1 donor-ac-
ceptor complex and the subsequent slow irreversible dis-

77
(B=1.97-10* Lmol™

Table 6. Photocurrent density (j,,) and TPCE (A = 365 nm) for the Tilfilm|0.5 mol L~! Na,SO,/Pt

system?
No. Titanium electrode with NOF Jpn/HA cm™2 IPCE (%)
1 NOF 0 0
2 PyCgy (Cpycgy = 1.5-107%) 96.58 23.27
MnPorph(AcO) (Cyinporph(aco) = 2.9+ 1075)? 92.82 22.36
70 (Canorph(Aco) =2.9-1075, CPwa =1.5-10% 203.91 49.13
3 PyCgg (Cpyc,y = 1.5+107%) 96.58 23.27
MnPc(AcO) (Cyppe(aco) = 3-0+1079) 109.8 26.46
72 (Cytnpe(aco) = 301078, Cpyc,, = 1.5-107%) 239.63 57.74
4 ImCyg (Cimeg, = 1.4+ 1074 98.23 23.67
MnPc(AcO) (Cyppe(aco) = 4.0+ 1079) 109.80 26.46
73 (Cytnpe(aco) = 4.0+ 1070, Crpcey = 1.4+ 107%) 252.74 60.90

@ The concentrations of the components (C), mol L1,
b MnPorph(AcO) is manganese(in1) (octakis(4-fert-butylphenyl))tetraazaporphyrin acetate.
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(Btot = 2.94- 107 L2 mol™2)

B+ 10%/mol L-!
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placement of the hydroxo ligand OH™ to the outer coor-
dination sphere to form outer-sphere cationic complex 77.

The reaction of Mo(O)(OH)TPP with pyridyl-substi-
tuted pyrrolidinyl[70]fullerene also occurs in two steps to
form 1 : 2 outer-sphere cationic complex 78. The structures
of the synthesized compounds were confirmed by UV-Vis
and IR spectroscopy, and the occurrence of photoinduced
electron transfer in these systems was proved by fluores-
cence spectroscopy. The addition of pyrrolidinylfullerene
to Mo(O)(OH)TPP in toluene leads to a decrease in the
fluorescence intensity of the molybdenum(v) porphyrin
complex by >50%, which can be considered as evidence
of the photoinduced electron transfer in the porphyrin—
fullerene triad, like the primary charge separation in
a photosynthetic antenna.

Porphyrin—fullerene systems based on rhenium(v) and
niobium(v) complexes were synthesized and characterized
by UV-Vis and fluorescence spectroscopy.40>41:153 These
studies confirmed the formation of donor-acceptor dyads in
CH,Cl, in the case of Re(O)(Cl)Porph (Porphis 5,15-bis-
(4-methoxyphenyl)-3,7,13,17-tetramethyl-2,8,12,18-
tetraethylporphyrin) and Re(O)(OPh)Porph (Porph is
5-monophenyl-2,3,7,8,12,13,17,18-octaethylporphyrin)
and in toluene in the case of (Cl);NbPorph (Porph is
5,10,15,20-tetra(4-tert-butylphenyl)porphyrin). Despite
insignificant changes in the UV-Vis spectra of rhenium(v)
porphyrins in the presence of pyridyl-substituted pyrro-
lidinyl[60]fullerene, the formation of the donor-acceptor
complex and the charge redistribution in this complex are
evidenced by a significant decrease in the fluorescence
intensity of free fullerene compared to the substituted
fullerene linked to metalloporphyrin.4! In the case of
(Cl)sNbPorph in the presence of PyCg, significant
changes in the UV-Vis spectra are observed (the batho-
chromic shift of the Soret band by 14 nm). Unlike rhenium
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Fig. 2. Diagram of stability of donor-acceptor metalloporphyrin—fullerene and metallophthalocyanine—fullerene dyads.
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79 B 7.70+10°

80 CeHs 1.20- 104
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porphyrinates, (Cl);NbPorph shows fluorescence proper-
ties, making it possible to detect electron transfer based
on the fluorescence quenching of metalloporphyrin upon
the formation of a donor-acceptor system.

An analysis of supramolecular systems based on fuller-
enes and MPorph/MPc complexes with a central metal
cation other than zinc demonstrated that the stability can
be predicted and the composition of the resulting donor-
acceptor systems can be changed by varying the central
metal in the plane of the macrocycle (Fig. 2). The stabil-
ity constants of fullerene dyads based on zinc complexes
79—85 are given in Table 7

3. Gold(111) porphyrins as acceptor ligands
in photoinduced charge-transfer systems

Gold(m) porphyrin complexes hold a special place
among d-metal macroheterocyclic complexes. These
complexes form covalent and donor-acceptor systems and
act as electron acceptors. In these systems, zinc porphy-
rinates/phthalocyaninates are utilized as electron donors.
These structures are poorly characterized and provide
a new approach to the preparation of systems with photo-
induced electron transfer. First systems of this type, in
which ZnPorph as an electron donor and AuPorph as an
electron acceptor are covalently linked through a 2,10-di-
phenyl-1,10-phenanthroline spacer, were synthesized in
the early 1990s.157:158 [t was shown that the selective
excitation of any porphyrin in these systems induces rapid
electron transfer from zinc porphyrinate to gold porphyr-
inate. The electron transfer rate correlates well with the
exothermicity of the reaction and the temperature, but
weakly correlates with the polarity of the solvent because
of the limited applicability of the dielectric continuum
model to this system and the solvent-induced changes in

Et Et
But Me
t
Bu Me
Et Et

ZnPorph or (Py)ZnPorph
L =Py

the redox potentials.137 The electronic structure of the
spacer or the bridging chromophore between the porphyrin
entities also influences the electronic coupling between
the donor and the acceptor. Systems based on zinc and
gold porphyrins covalently linked by bridging chromo-
phores with different structures were characterized.13?
Three of these systems (86—88) are fully ;-conjugated,
and in one system (89) the conjugation is broken. These
systems showed rapid photoinduced electron transfer at
the intercenter distance #(Zn—Au) of 25 A. When the
conjugation in the bridge is broken, the rate of fluorescence
quenching of the donor sharply decreases, and the quench-
ing of the residual fluorescence corresponds to the expected
singlet-singlet energy transfer. According to the experi-
mental data and the results of quantum chemical calcula-
tions, the interaction between the donor and the acceptor
depends on the bridging chromophore. The investigation
showed that there is an inverse relationship with the energy
gap between the excited states of the donor and the bridge.

The effect of the chemical structure of the spacer on
the physicochemical and electrochemical properties in
related systems has been extensively investigated.160—162
New conjugates with spacers of different lengths (90—92)
showing photoinduced electron transfer were synthe-
sized.161 The distance between the centers of metallopor-
phyrins in these dyads vary from 32 to 45 A. The spectro-
scopic and electrochemical studies demonstrated strong
electronic coupling.

According to femtosecond fluorescence spectroscopy,
the dyad with a long spacer 92 has the longest lifetimes
(40 and 390 ps in dichloromethane and toluene, respec-
tively). For other dyads in different solvents, the fluores-
cence lifetime varies from 3 to 7 ps. It is worth noting that
the lifetime for the corresponding zinc complexes with
spacers 90—92 is 1600—1800 ps regardless of the solvent.

Et Et
Me But
t
Me Bu
Et Et
AuPorph
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Spacers:

The investigation of electron transfer in these systems
by femtosecond transient absorption spectroscopy dem-
onstrated that the formation of the charge-separated state
in dichloromethane is a spontaneous process that occurs
through the electron transfer (ET) and hole transfer (HT).
It was noted!61 that the back electron transfer (BET) oc-
curs in toluene, giving rise to the triplet state of zinc(ir)
porphyrin (3ZnPorph).* The parameters characterizing
these processes are given in Table 8.

Therefore, the dependence of the charge transfer
mechanisms on the polarity of the medium provides an
approach to the fabrication of desired products and also
may help in developing new efficient strategies for the
synthesis of porphyrin systems exhibiting long-range

* The superscript 3 indicates the triplet state.

electron transfer, with potential applications in molecular
electronics and solar energy conversion.

The synthesis of dyad 93 based on zinc and gold por-
phyrinates by the Sonogashira reaction163 was reported in
the study.164 The electrochemical studies of this compound
showed that it is characterized by strong electronic cou-
pling in the ground state, as evidenced by the redox po-
tential shifts and the appearance of the charge transfer
band. The lifetimes of the charge-separated states depend-
ing on the solvent polarity were determined by studying
the electron transfer process using time-resolved absorp-
tion spectroscopy. These lifetimes were 200 ps (in DMF),
I ns (in CH,Cl,), and 4 ns (in toluene).

Heteronuclear Porph/Pc systems, in which gold por-
phyrinate acts as an electron acceptor, were synthesized
via the axial binding.165—167 Ag in the case of porphyrin—

Table 8. Times (t) for charge transfer processes in different solvents

Spacer Solvent Excitation of ZnPorph Excitation of AuPorph
in the dyad in the dyad
TET/PS TRET/PS THT/PS TRET/PS

920 CH,Cl, 2 80 2 170
920 Toluene 8 240 1704 —
91 CH,ClI, 2 90 Not observed

91 Toluene 7 130 1304 —
92 CH,Cl, 85 2100 Not observed

92 Toluene 370 ~12000 Not observed

Note. 1t is the electron transfer time, Tggt is the back electron transfer time, Tyt is the hole
transfer time. 2 The times T for the energy transfer from 3AuPorph™ to 3ZnPorph.
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93

fullerene complexes, two axial binding modes can occur
in these systems: through a covalent M—O bond1%5 and
via donor-acceptor bonding through M—N coordina-
tion. 166,167

The dyad (94) based on aluminum(iir) porphyrinate
and gold(111) porphyrinate and the triads (95, 96) contain-
ing these metalloporphyrins with axially coordinated
tetrathiafulvalenes (TTF) were synthesized and character-
ized by diverse spectroscopic and electrochemical meth-
0ds.165 An analysis of the fluorescence spectra of dyad 94
demonstrated that fluorescence quenching of aluminum(iir)
porphyrinate occurs by ~88% with respect to free alu-
minum(1) porphyrinate, whereas gold(ii1) porphyrinate
does not show fluorescence due to the heavy atom effect.
According to the energy diagram and the results of electro-
chemical measurements, the spontaneous electron trans-
fer can occur from aluminum(iir) porphyrinate to gold (i)
porphyrinate, as evidenced by strong fluorescence quench-
ing associated with this process. The addition of TTF to
a solution of dyad 94 in dichloromethane resulted in the
formation of triads 95 and 96. This was established by the
fluorescence titration. An increase in the TTF concentra-
tion leads to further fluorescence quenching. The authors
explained the quenching mechanism assuming the trans-
fer of positively charged species from aluminum(iir) por-
phyrinate to tetrathiafulvalene. The charge separation and
recombination rate constants and the temporal parameters
found for these systems and process are given in Table 9.

An analysis of the results confirms the successful
preparation of the photosynthetic system by the axial
coordination. It is worth noting that the introduction of
secondary donors has a positive effect on the charge re-
combination rate in the triad, significantly decreasing it
with respect to the recombination rate in the dyad.

The donor-acceptor bonding between zinc(11) phthalo-
cyaninate and pyridyl-substituted gold(ii1) porphyrinate
(97) was reported in the study.167

The formation of donor-acceptor complex 97 was
studied in o-dichlorobenzene by spectrophotometric titr-

A= CGF5 CSFS "
SN
s\%\s
( UL
i o] 95(n=0),96 (n=1)

Table 9. Time-resolved characteristics of the charge separation
and recombination processes for compounds 94—96 in
1,2-dichlorobenzene

Compound 7¢g/ps  kes/s™! TcR/PS kcgr/s™!
94 3.16 3.12-1010  27.26 (2557)* 3.67-1010
(3.91+108)*
95 15.50 5.40-1010 1318 (1468)* 7.59-108
(6.81+108)*
96 61.20 1.64-1010 1484 6.74+108

*The presence of two charge separation rate constants are given for
the time-resolved profile described by a biexponential function.
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ation with the Benesi—Hildebrand method. The stability
constant of the synthesized complex is 2.94+ 10* L mol~!,
which is indicative of the formation of the moderately
stable complex. It should be noted that this constant can
be compared with the stability constants for related systems
with pyrrolidinofullerenes.”” The formation of this supra-
molecular system leads to fluorescence quenching due to
the donor-to-acceptor electron transfer. The stability
constant of the system determined by the Stern—Volmer
method is 1.20+ 10° L mol~!. The lifetime of the charge-
separated state varies from 5.7 to 244 ps. Therefore, this sys-
tem can be considered as an adequate photosynthetic model.

Conclusion

The review summarizes various strategies for the syn-
thesis of systems with photoinduced charge separation
properties based on macroheterocyclic complexes, which
are of interest for the design of molecular materials with
specified properties. The synthesis of covalently linked
porphyrin—fullerene complexes is important for an un-
derstanding of the mechanism controlling the photo-
induced electron transfer in molecular systems, which
enables the preparation of rigidly linked conjugates con-
taining a donor and an acceptor. The synthesis of supra-
molecular complexes via donor-acceptor bonding has
certain advantages. These are the simplicity, the ability to
mimic natural photosynthesis, and the possibility of con-
trolling the strength and directionality of the interaction,
resulting in efficient energy and electron transfer processes
in the supramolecular system upon photoexcitation.

Impressive advances in time-resolved transient absorp-
tion, fluorescence, and EPR spectroscopy make it possible
to study the dynamics of rapid processes and determine
the lifetimes of charge-separated states in the systems,
which is of great importance almost in all fields of science.

The introduction of various substituents into por-
phyrin/phthalocyanine macrocycles and fullerenes or the
introduction of additional donor or acceptor ligands and
the variation of the central cation (metal) enabled the
synthesis of molecular systems with desired physico-
chemical properties. The review addresses diverse possible
cations in fullerene-containing macroheterocyclic com-
plexes. It is shown that systems containing MPorph or
MPc (M = Mg, Cu, Co, Mn, Al, Sn, efc.) as the donor
platforms are promising photoactive components, and
gold porphyrin complexes can be used as acceptor com-
ponents. Photovoltaic technology is one of numerous
possible fields of practical application of such molecular
systems. The complexes considered in the review hold
promise as single-molecule magnets, compounds with
liquid-crystalline properties, in nanotechnology and in
the development of materials with biochemical and
medical applications,!68 as agent for the targeted drug
delivery, and as antibacterial/antifungal agents.

This study was financially supported by the Council
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(Program of the state support of young Russian scien-
tists — candidates and doctors of Sciences, Grant MK-
1741.2020.3).
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