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Beginning from the first steps of a long standing and fruitful cooperation with Prof. G. Ponomarev and Dr. A. Shulga 
and inspired by their high professional level, a variety of highly organized multiporphyrin complexes of various 
morphology as well as nanoassemblies based on semiconductor quantum dots and porphyrins were formed based 
on a “bottom-up” approach. Using steady-state, time-resolved methods in combination with high spectral resolution 
experiments some specific and/or rare processes of excitation energy relaxation were found and discussed (fluorescence 
line narrowing and spectral hole burning, triplet-triplet energy transfer in dimers, photoinduced electron transfer 
at low temperature, distant superexchange charge transfer, etc.).
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В результате многолетнего и плодотворного сотрудничества с профессором Г.В. Пономаревым и доктором 
А.М. Шульгой и благодаря их высокому профессионализму на основе подхода «снизу-вверх» были получены 
высокорганизованные мультипорфириновые комплексы различной морфологии, а также наноансамбли на основе 
полупроводниковых квантовых точек и порфиринов. С использованием стационарной и время-разрешенной 
спектроскопии в комбинации с методами высокого спектрального разрешения были обнаружены и исследованы 
специфические и/или редкие процессы релаксации энергии возбуждения (выжигание спектральных провалов, 
Т-Т перенос в димерах, фотоиндуцированный перенос электрона при низких температурах, дистанционный 
перенос заряда по механизму суперобмена и т.д.).

Ключевые слова: Самосборка, порфирины, химические димеры, триады, перенос энергии, перенос заряда, 
неоднородное уширение энергетических уровней, дистанционный фотоиндуцированный перенос электрона 
по механизму суперобмена, коллоидные полупроводниковые квантовые точки.
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Introduction

At the moment, the process of molecular self-
assembly is considered as a fundamental phenomenon 
leading to the creation of targeted nanostructures with 
material properties on all scales through the organization 
of designed molecular or inorganic building blocks exhibit-
ing proper intra- and intermolecular interactions along 
with the parallel control of the solution assembly pathways 
to yield the desired structural outcome.[1–6] In this respect, 
the designed self-organization process in solutions and solid 
state, the information necessary for the process to take 
place, and the algorithm that the process follows must be 
stored in the components and be operative via selective 
molecular interactions (including hydrogen bonding, coor-
dination bonding, electrostatic and donor-acceptor interac-
tions, and metal-ion binding[1,4]). Thus, such systems may 
be considered as programmed molecular or supramolecular 
complexes that generate organized entities by following 
a defined plan based on molecular recognition events.[2] 
The photophysical/photochemical study of self-organized 
systems is the subject of nanophotonics and biophoton-
ics, which play a pivotal role in advancing nano/bio/info 
technology by creating new interfaces between multiple 
disciplines.[7] In-depth understanding of structure-function 
relationships for various self-organized nanoassemblies 
is essential for a rational design and development of func-
tional nanoagents and nanodevices.[8]

Interestingly, nature, through billions of years of evo-
lution, is an excellent place to find inspiration and ideas 
for molecular assembly. For instance, the most important 
and interesting example is natural photosynthesis of plants, 
algae, and bacteria. In those the generation of complex, 
multicomponent three-dimensional structures (based 
on chlorophylls as one of the most abundant organic pig-
ments on the earth) involve intramolecular, as well as 
intermolecular and interfacial interactions.[9–12] The pho-
tosynthetic system is one of the finest pieces of nanoscale 
molecular machinery, wherein nature utilizes self-assembly 
principles to form multicomponent arrays of chlorophyll 
molecules and other organic substances that are capable 
for directed, very fast and efficient energy transfer (ET) 
among light-harvesting pigment-protein antenna complexes 
to the photochemical reaction center, where the energy 
of excited states is converted into a stable transmembrane 
charge separation through a sequence of photoinduced 
electron transfer (PET) reactions. Up to now the elucidation 
of the mechanisms and dynamics of ET processes in light-
harvesting antenna complexes in vivo as well as the intrinsic 
peculiarities of PET events, such as charge separation 
and charge recombination of the product ion pair state, still 
remain the most fundamental and important problem. 

From a practical standpoint, supramolecular bottom-
up self-assembly based on tetrapyrrolic compounds is used 
to mimic these natural relaxation pathways and, addition-
ally, offers an elegant solution to explore these principles 
in order to design perspective nanostructures possessing 
novel potential applications in improved drug delivery 
systems, photodynamic therapy, photovoltaic cells, 
optoelectronic memory, multimolecular architectures 
for information storage, and highly efficient catalysts.[13–23] 

The choice of tetrapyrrolic compounds for the forma-
tion of multimolecular systems with efficient ET or PET 
processes seems to be attractive because of the following 
reasons: (1) the similarity to the natural photosynthetic pig-
ments; (2) tunable spectral-kinetic parameters that are easily 
controlled by various central metal ions or side substituents; 
(3) controlled redox properties and high photoreactivity; 
(4) relative stability as a host framework for organic guest 
molecules; and (5) relatively easy synthetic accessibility 
and the possible structural variability.

In fact, the formation of a variety of conformationally 
restricted, structurally and energetically well-defined multi-
porphyrin assemblies is based on the combination of two 
principally different synthetic strategies.[1] One approach 
utilizes the covalent linkage through spacers of various 
nature and the flexibility between supposedly essential 
components. The other, more common approach is based 
on non-covalent interactions of various kinds (electrostatic 
interactions, hydrogen bonds, and the coordination chemis-
try of transition metals). Noteworthy, the challenge remains 
for the design and investigation of new types of multipor-
phyrin complexes with well-defined geometry and predicted 
optical and physico-chemical parameters, since the optimal 
molecular arrangement for various applications in nano-
technology has not yet been realized. Correspondingly, 
both synthetic methodologies, each with its advantages 
and disadvantages, continue to supply a large variety of new 
multicomponent arrays with pronounced ET and PET prop-
erties. The resulting crossover has provided novel principles 
and concepts in physico-chemistry such as molecular 
recognition, self-organization, regulation, cooperativity, 
and replication. The significant interest of numerous scien-
tific groups in this direction has been devoted to the design 
and investigation of tetrapyrrole compounds that fold or 
assemble predictably in order to form multicomponent well-
defined arrays. A large body of interesting and important 
results obtained in this field of supramolecular chemistry 
was presented and discussed in a lot of comprehensive 
reviews (e.g.[3–5,13,14,19]) and numerous articles (e.g.[15–18,24]). 

The history of the covalently linked porphyrin mac-
rocycles begins since 1972 by the investigations devoted 
to the synthesis and study of the energy transfer in covalenly 
linked metalloporphyrins.[25] After that within the next 
decade construction strategies were used for assembling 
various dimers of tetrapyrrolic macrocycles via predict-
able chemical engineering of all desirable components (e.g. 
abroad publications presumably [26–29]). In the former Soviet 
Union the first results on systematic chemical approaches 
in the field of porphyrin chemical dimers appeared 
in 1982–1983.[30–32] It should be noted, that in those times 
the leading role in this area belonged, without any doubts, 
to the closely cooperating Prof. Geliy V. Ponomarev (Sci-
entific Research Institute of Biomedicine Chemistry named 
after V.N. Orekhovich, Moscow, Russia) and Dr. Alexander 
M. Shulga (Institute of Physics, Natl. Acad. Sci, of Belarus, 
Minsk, Belarus). They succeeded to elaborate original 
routes of the synthesis and identification (using experimen-
tal and quantum chemistry abilities) of novel porphyrin 
dimers with various chemical spacers between tetrapyrrolic 
macrocycles.[31–35] Geliy and Alexander were always ready 
to share their ideas with others being able to use their 
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ability to explain complex chemical questions in simple, 
understandable terms, sometimes accompanying their 
explanations with a very humorous style. They were always 
full of energy and inspired others with their deep knowl-
edge and enthusiasm for science. Perhaps more important 
than their insight into the chemistry of porphyrin dimers 
were their friendly relations with physicists (theoreticians 
and spectroscopists) both in Russia and Belarus. As a result 
within this cooperation, considerable progress was achieved 
in the study and analysis of experimental and theo-
retical results on structural properties and the deactivation 
of locally excited S1 and T1 states (including ET and PET 
processes) for porphyrin and chlorin chemical dimers (and 
corresponding metallocomplexes) with various spacers, 
taking into account various additional effects such as inter-
chromophoric interactions, steric hindrance effects, axial 
extra-ligation, NH-tautomerism, and exchange d-p effects.
[36–53] Owing to this physico-chemical fruitful cooperation 
the results of Soviet school in chemistry and photophysics 
of chemical dimers of tetrapyrrolic compounds were in one 
line with those being obtained elsewhere.[13–15,54,55] 

G.V. Ponomarev (1941–2021)

The contribution of G. Ponomarev and A. Shulga 
to the research followed by the further development 
of the ways for the formation of large functional multi-
porphyrin arrays resulted in a new stage of our scientific 
activity. Within the German-Belarus scientific coopera-
tion we have realized a simple and yet potentially versatile 
strategy for the formation of highly organized and relatively 
rigid multimolecular tetrapyrrole nanoassemblies based 
on the combination of covalent linkage and non-covalent 
interactions in solutions and polymeric (PMMA) films.[56–71] 
The first step presents itself as a covalent stage, where pre-
cursor molecular blocks such as Zn porphyrin or Zn chlorin 
chemical homo- or heterodimers with a covalent linkage 
of various nature (-CH2-CH2- or a phenyl ring in meso-
position) as well as chemical trimers of Zn octaethylpor-
phyrins with phenyl spacers in meso-positions were synthe-
sized. Additionally, various types of electron acceptors (qui-
none, anthraquinone, pyrromellitimide, NO2 group) could 

be covalently linked to these dimers by flexible or rigid 
spacers. In the second step covalently linked dimeric or tri-
meric porphyrins (with/without electron acceptors) were 
self-assembled with pyridyl containing porphyrin or chlo-
rin extra-ligands through non-covalent binding interactions 
between the central Zn ions of the porphyrin macrocycles 
and the N atom of the pyridyl-like extra-ligand (N-pyr). 
It is well known from chemical literature that the Zn2+ ion 
has vacant d10 orbitals while the heteroatom N-pyr is a good 
e-donor having an unshared electron pair. Correspondingly, 
in this case a “key-hole” principle is realized via one- or 
two-fold non-covalent coordination Zn….N-pyr with 
a perpendicular disposal of the extra-ligand with respect 
to the porphyrin macrocycle plane. Using comprehensive 
experimental studies (steady-state and time-resolved data) 
in combination with quantitative theoretical analysis carried 
out for well-defined self-assembled multiporphyrin arrays 
it was proven that photoinduced relaxation processes show 
complex energy and electron transfer dynamics, depending 
on the nanoassembly geometry, redox and photophysical 
properties of the interacting subunits as well as on the tem-
perature and polarity of the solvent. As a result, more than 
50 objects (including monomeric precursors, porphyrin 
chemical dimers and trimers, triads, pentads, and octads 
obtained and prepared with participation of Geliy and Alex-
ander) were systematically studied and characterized. Nev-
ertheless, it is evidently seen that multiporphyrin donor-
acceptor nanoassemblies still remain to be attractive systems 
for the study of energy and/or electron transfer processes 
(mimicking the primary photosynthetic events) as well as 
for the design of nanoscale devices in nanoelectronics.

Inspired by the work on self-assembled multiporphy-
rin arrays, we ,with the direct participation of Alexander 
Shulga, succeeded in the direct labelling of semiconductor 
quantum dots (QDs), CdSe/ZnS or CdSe, with pyridyl-
substituted porphyrins, H2P(m-Pyr)n (n = 1, 2, 3, or 4), based 
on the coordination of the pyridyl N lone pair with Zn or Cd 
atoms of the QD surface.[72–74] This approach is considered 
as the “bottom-up” non-covalent strategy for the formation 
of organic-inorganic nanomaterials in solutions and solid 
state.[75] Using a combination of ensemble and single mole-
cule spectroscopies of “QD-Porphyrin” nanoassemblies, we 
showed that single functionalized molecules can be consid-
ered as extremely sensitive probes for studying the complex 
interface physics and chemistry and related exciton relaxa-
tion processes in QDs.[76–84] It was quantitatively shown 
that the major part of the observed QD photoluminescence 
(PL) quenching in nanoassemblies is caused by electron 
tunneling to the QD surface in conditions of quantum con-
finement, which is influenced by the attachment dynamics 
of porphyrin molecules. In these nanoassemblies, Foerster-
type energy transfer (FRET) QD→dye is often only a small 
contribution to the PL quenching and is already effectively 
suppressed in slightly polar solvents. This fact is often 
overlooked in the literature. In addition, we like to point 
out, that the properties of “QD-Porphyrin” nanoassemblies 
are not only interesting in themselves, but also provide 
a valuable tool to study surface related phenomena in QDs 
on an extremely low level of surface modification thus 
providing the data for the further development of defined 
multi-component structures for exploitation as artificial 
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light-harvesting complexes, electro- and photochemical 
devices, or nanosensors.

A.M. Shulga (1941–2014)

It gives us a greatest pleasure to present this Tribute 
for the Macroheterocycles issue honoring Prof. Geliy 
V. Ponomarev and Dr. Alexander M. Shulga for their fruitful 
and useful contributions within several decades in many dis-
ciplines including chemical engineering, physical chemistry, 
biophysics, and medicine. The intention of this paper is not 
a thorough description of specific structural aspects and all 
relaxation processes in nanoassemblies under study, which 
one could find in our cited references describing also chemi-
cal approaches, the detailed spectral-kinetic information, as 
well as theoretical models and details of the experimental 
setups used. Of course, we do not pretend to be entirely com-
prehensive in this respect, as far as many hundreds of excel-
lent and important papers devoted to the chemistry and pho-
tochemistry of multiporphyrin arrays appeared in the last 
decade. Rather the present paper should be considered as 
a more comparative overview and description of some rare 
phenomena and relaxation processes for nanoassemblies 
of various morphology containing tetrapyrrolic subunits, 
which were obtained by us in some cases for the first time or 
using specific spectroscopic experimental methods. These 
findings would not be so remarkable and known in the world 
without Geliy’s and Sasha’s input providing an additional 
background for the further development of defined mul-
ticomponent structures for their exploitation as artificial 
light-harvesting complexes, electro- and photochemical 
nanodevices, nanosensors, etc.

Porphyrin Cyclodimers: Site-Selective 
Spectroscopy at 4.2 K and Time-Resolved 
Measurements 

Site-selection spectroscopy of covalently linked 
dimers of tetrapyrrolic compounds with known structural 
parameters intermediate between monomeric chromophores 
and aggregated complexes in vivo and in vitro represents 

a convenient background to study specific spectral effects 
and interchromophoric interaction processes between 
coupled subunits. In our experiments the method of fluo-
rescence line narrowing (FLN) of molecules in isotropic 
media was used.[51] This method is based on selective laser 
excitation within the band of 0-0 electronic transition 
in the absorption spectra of the compound at very low 
temperature (~4.2 K). Under such conditions the fluores-
cence spectra consist of narrow zero-phonon lines (ZPL) 
and frequency gaps separating them from the excitation 
line providing the frequencies of vibrations in the electronic 
ground state.[85] 

Figure 1 shows that a 31,51-porphyrin cyclodimer 
includes one 31,51-cyclo-31-methyl-2,7,8,12,13,17,18-hepta- 
ehtyl-22H,24H-porphyrin molecule (OEP-cycle, a potential 
electronic excitation energy donor, D) and one 31,51-cyclo-
31-exomethylene-2,7,8,12,13,17,18-heptaehtyl-22H,24H-
porphyrin molecule (OEP-cycle=CH2, a potential electronic 
excitation energy acceptor, A). Both subunits in the dimer 
were porphyrin free bases, Zn- and Cu-complexes. Quantum 
chemical calculations show that planes of the 31,51-cyclodi-
mer subunits form an angle of approx. 78° with an intercenter 
distance RDA=1.23 nm. The rigid structure of the cyclodimer 
results in a small overlap of p-electronic systems of their 
subunits, which in turn leads to almost unchanged vis-
ible absorption spectra and probabilities of intramolecular 
transitions of D and A comparable to the corresponding 
monomeric compounds. For the Zn-cyclodimer, weak 
dipole-dipole interaction of the dimer subunits (V12 ≤ 3 cm–1) 
manifests itself by effective quenching of the emission of D 
due to an ET process ZnOEP-cycle* → ZnOEP-cycle.

Figure 1. Chemical structure and calculated geometry 
of the 31,51-porphyrin cyclodimer

Scheme A of Figure 2 shows that upon excita-
tion in the region of the S0→S1 electronic transition 
of solvated molecules the fluorescence spectrum consists 
of a set of narrow zero phonon lines (ZPLs, see curves Fm, 
Fa, Fc), which is caused by the sharp resonance between 
the excitation laser line and a narrow absorption band 
of one site and reflects the situation when a limited number 
of chromophores from the whole inhomogeneous spectral 
distribution are excited. It should be noted that the excita-
tion into the region of the S0→S2 absorption band leads 
to FLN disappearance for individual monomers (spectrum b 
Figure 2B). At 77 K only the S1 level of D (ZnOEP-cycle) 
plays an essential role in EM with a rate constant 
of kEM(S1

D→S1
A) = 6.6⋅1010 s–1, while at 293 K the ther-

mally activated S2 state of D is involved in EM as well: 
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Figure 2. Schematic presentation of FLN spectra formation (A) and experimental fluorescence spectra (B) for metalloporphyrins 
with isocyclic substitution and their cyclodimers under conditions of an inhomogeneous spectral broadening at 4.2 К. A: Energy 
level diagram corresponds to three sites (A, В and C) excited into the vibrational sublevel manifold of the S1-state. B: Fluorescence 
spectra of an equimolecular mixture ZnOEP-cycle+ZnOEP-cycle=CH2 (a, lexc.= 576 nm), the Zn-31,51-cyclodimer (b, lexc.= 579 nm; 
d, lexc.= 594 nm) and the Zn-31,31-cyclodimer (c, lexc.= 594 nm) in a tetrahydrofuran- toluene mixture (3:1) at 4.2 K.

kEM(S1
D→S1

A) = 4.1⋅1010 s–1 and kET(S2
D→S1

A) = 1.1⋅1010 s–1. Good 
agreement of experimental and calculated data for the D fluo-
rescence quenching via ET at 77 K indicates that the Foerster 
theory of inductive resonance is still applicable to weakly 
interacting porphyrin aggregates with an intercenter dis-
tance of 1.23 nm. 

The effective ET in Zn-cyclodimers takes place even at 
4.2 K. Under these conditions, the selective laser excitation 
within the band of the S0→S1 transition of A leads to the dimer 
fluorescence spectrum consisting of zero phonon lines, while 
the excitation into the S0→S1 transition of the donor subunit 
(ZnOEP-cycle) leads to the disappearance of the fluorescence 
line narrowing (Figure 2). The latter effect may be treated 
as the non-correlation of S0D→S1D and S1A→S0A transitions 
for different donor-acceptor pairs in ET processes (rate con-
stant kET ≥ 1010 s–1) caused by the inhomogeneous broaden-
ing of electronic levels at 4.2 K. The main conclusion is that 
in Zn-cyclodimers ET can involve differently polarized S0-S1 
and S0-S2 transitions of A and A molecules, but in the case 
of dipole-dipole interactions at 4.2 K there is no exact cor-
relation between the energies of electronic transitions of D 
and A subunits in the dimers, e.g. the D-A energy gaps are 
not constant. As a result, we observe the loss of selectivity 
followed by the disappearance of the fine structure in dimer 
fluorescence spectra.[47,49]

In the case of Cu-cyclodimers, fast intersystem cross-
ing to the 2,4T states with the rate constant of k = 3⋅1013 s–1 
in both subunits containing central Cu ion prevents S-S 
ET between donor and acceptor (theoretical rate constant 
is kET

theor < 4⋅1010 s–1). Nevertheless, a strong quenching 
of D phosphorescence is observed for these dimers at 
77 K.[48] Bands of D detected in phosphorescence excita-
tion spectra of A evidently show that this quenching is due 
to an exchange ET between T-levels of interacting subunits 
in the Cu-cyclodimer. In addition, phosphorescence spectra 

detected with a delay time q = 3.8 ns evidently show the time 
scale for T-T ET realization (Figure 3). 

In this case, the experimental value of the rate constant 
(kET

TT =  2⋅108 s–1) for T-T ET is much higher than the rate 
constant of the donor T-state deactivation (k0

T = 6.7⋅103 s–1). 
Interestingly, the exchange T-T ET rate constant kET

TT is close 
to the values of rate constants characteristic for the deactiva-
tion of the S1 level in H2-cyclodimers (kS =  (4–5)⋅107 s–1). 
Taking into account this fact it cannot be excluded that 
an exchange S-S EM may be responsible for the additional 
quenching of the donor fluorescence in the H2-cyclodimers, 
where the dipole-dipole interactions are weak compared 
to those in the corresponding Zn-complexes.

We showed for the first time that an isocycle contain-
ing porphyrin free bases and chemical dimers on their basis 
(porphyrin 31,51- and 31,31-cyclodimers synthesized by Pono-
marev and Shulga[31]) is characterised by the existence 
of an equilibrium mixture of two NH-tautomers and the spac-
ing between S0-S1 transitions (Qx bands) of the two tautomers 
reaches up to 380 cm–1, while for S0-S2 transitions (Qy bands) 
the spacing was measured to be up to 800 cm–1. The princi-
pal difference was observed for the first time in the visible 
absorption spectra of NH-tautomers caused by the inversion 
of Qx(0,0) and Qy(0,0) band intensities, when NH-proton 
migration takes place.[37,41,43,44] In spite of the fact that the pho-
toinduced NH-tautomerism does not compete with the deac-
tivation of S1 and T1 states in these cyclodimers at 77 K due 
to the best resonance conditions for main long-wavelength 
tautomers of D and A (J = 8⋅10–15 cm6⋅mol–1),[44] the S-S ET 
in these cyclodimers results in the directed photoinduced 
transformations of the long-wavelength NH-tautomer 1 
to the long-wavelength NH-tautomer 2 in the energy accep-
tor subunit A (OEP-cycle=CH2) upon selective excitation 
of the donor molecule D(OEP-cycle ). For these dimers at 
77 K, the ET rate constants calculated in the frame of Förster 
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Figure 3. Scheme of the energy levels and relaxation processes in Cu-cyclodimers as well as the phosphorescence decay (curve 1, 
lexc=380 nm, lregг=680 nm) and instantaneous phosphorescence spectrum (2, delay time q=3.8 ns, Dt1/2= 2.5 ns) in tetrahydrofuran-toluene 
mixture (3:1) at 77 K. 

theory, kEM(S1
D→S1

A) = (0.1 – 5.7)⋅108 s–1, are noticeably lower 
than those obtained in the experiment, kEM = 1.9⋅109 s–1. This 
deviation may be associated with the manifestation of weak 
exchange interactions of the S-states, which were confirmed 
by the observation of T-T ET in Cu-cyclodimers (discussed 
above).

Ethane-Bisporphyrin Dimers: Site-Selective 
Spectroscopy and Spectral Hole Burning at 4.2 K 

For ethane-bisporphyrins (OEP)2, NMR 1H studies 
and computer-aided structure simulation showed that their 
conformers relative to the spacer range from the fully 
eclipsed (intercenter distance R = 0.55 nm) to the fully 
staggered (R = 1.06 nm) (Figure 4). The fully staggered 
conformer has the lowest energy and exists at low tempera-
tures.[34,39,42,45] 

In numerous papers, dealing with porphyrin dimers, 
the regularities of ET process were studied mainly at room 
temperature and the limits of different theoretical models 

Figure 4. Chemical structures of ethane-bisporphyrin dimer (OEP)2 and its fully staggered and fully eclipsed conformers.

describing this phenomenon were evaluated under these 
conditions. In the case of symmetrical dimers (OEP)2, the S1 
state is deactivated mainly through intersystem crossing 
to the T1 state, where the excitation is lost via non-radiative 
processes. Dipole-dipole interactions between homodimer 
subunits (1.5 cm–1 ≤ V12 ≤ 11 cm–1) lead to Foerster type ET 
between them with a rate constant kET

SS = (0.15 – 13.5)⋅1010 s–1, 
and ET without quantum losses is much faster than the other 
deactivation processes in this dimer (kS = (0.9 – 1.2)⋅108 s–1). 
As a result, at 293 K numerous “jumps” of excitation between 
the subunits within the S1 state result in the “collapse” 
of fluorescence excitation spectra of homodimers compared 
to the corresponding individual monomers.[40,42] 

At the same time ET at low temperatures including 
the liquid helium range is strongly influenced by the arising 
zero phonon lines and phonon side bands.[86–88] The shape 
of the absorption and fluorescence 0-0 bands of the molecular 
systems at low temperatures is basically determined by inho-
mogeneous broadening. The methods of fluorescence line 
narrowing (FLN) and spectral hole burning (SHB) make it pos-
sible to overcome the inhomogeneity and reveal the underlying 
sharp-line homogeneous spectra. High spectral resolution 
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makes these methods very informative for studying the behav-
ior of systems of various complexity.[85–88] 

The influence of these effects on ET in porphyrin chemi-
cal dimers at liquid helium T was studied for the first time 
in our group using FLN and SHB methods.[49,51] In the case 
of ethane-bisporphyrins (OEP)2 in a tetrahydrofuran-toluene 
mixture (3:1) at 4.2–1.8 K, some specific effects and regulari-
ties were observed (Figure 5).[49] 1) Upon wide-band excita-
tion the full width at half maximum (FWHM) of the Q(0,0) 
band in the fluorescence spectra is by 1.5 times narrower 
than that for the Q(0,0) band in fluorescence excitation 
spectra. 2) Dimer fluorescence spectra with a set of narrow 
zero phonon lines (ZPLs) are observed only upon selective 
laser excitation on the long-wavelength side of the Q(0,0) 
absorption band (Figure 5A). 3) Upon SHB experiments 
on the long-wavelength side of the Q(0,0) absorption band, 
narrow holes (with FWHM values of dh=2.4 GHz) are regis-
tered, while upon SHB experiments on the short-wavelength 
side of the Q(0,0) absorption band the SHB efficiency 
decreases by one order of magnitude and the FWHM values 
for holes increase up to dh = 30 GHz (Figure 5B). It is well 
known that in the case of free-base porphyrins the hole-
burning mechanism at low temperature is the photoinduced 
NH-tautomerism.[85,86] The tetrahydrofuran-toluene mixture 
(3:1) is a good low-temperature glassy matrice for SHB, as 
it yields a high Debye-Waller factor (e.g. 0.7 for (OEP)2 when 
burning in the acceptor band). This indicates that the elec-
tron-phonon coupling is rather weak and it is possible to burn 
deep (up to 70 % of the initial value) holes in the absorption 
bands. An intense SHB results in a saturated zero-phonon 
line (with a laser-limited and power-broadened FWHM 

value) and a pseudo-phonon wing (FWHM = 31 cm–1) 
shifted from the line to the red by 22 cm–1 (Figure 5B).

The first two effects are caused by two types of relaxa-
tion processes. In the conditions of an inhomogeneous 
distribution of the solvent molecules around the chemi-
cally identical porphyrin monomeric subunits in every 
(OEP)2 dimer, the local solvent surrounding manifests 
itself in different positions of the locally excited S1 states 
in the energy scale for the two halves of the dimer. It means 
that in the symmetrical homodimer (OEP)2, one porphyrin 
macrocycle with higher S1 state (“blue” solvate) acts as 
the energy donor (D), while the second one with lower S1 
state (“red” solvate) acts as the energy acceptor (Figure 5C). 
As a result, in the conditions of inhomogeneous broadening 
of energy levels, an irreversible ET “blue” solvate → “red” 
solvate in the dimer (OEP)2 in the absence of a correlation 
between the 0-0 transitions in D-A pairs leads to the D 
emission quenching and the sensitization of the A emission. 
Such ET leading to the shortening of the fluorescence decay 
tS

D
 for the “blue” solvate is the main reason of the decreasing 

SHB efficiency and the rising FWHM values dh for holes 
(effect 3). Based on these quantitative results it was found 
that at 4.2 K, the rate constant of the directed ET between 
chemically identical macrocycles in the dimer (OEP)2 
is kexp = 1/tS

D = 1011 s–1 and exceeds essentially the theoreti-
cal value ktheor = (0.5 – 10)⋅109 s–l at 77 K (calculated within 
the Förster model). This difference cannot be explained 
by the temperature dependence of the Förster ET mecha-
nism, as commonly the non-radiative energy migration 
probability drops upon lowering of the temperature due 
to the decrease of the spectral overlap integral.

Figure 5. Spectral properties (A,B) and scheme of the directed energy transfer (C) for the ethane-bisporphyrin dimer (OEP)2 
in a tetrahydrofuran-toluene mixture (3:1) at 4.2–1.8 К. А: Fluorescence excitation spectra in the range of the Q(0,0) absorption band at 
various registration conditions, e.g. through wide-band cut-off filter, ltrnsmit >650 nm (1) and through a monochromator with slits of 1.1 (2) 
and 0.23 nm. B: Spectral holes at different wavelengths in the dimer fluorescence excitation spectrum. Solid curves are the least-squares 
fits by the sum of one (1,2,6), two (3,4,5) Lorentzian functions and a linear background. C: “Blue” and “Red” solvates are characterized 
by relatively higher and lower energies of the S1 state of the same chemical monomers.
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 Low Temperature Photoinduced Electron Transfer 
in Porphyrin Triads

It is well known that processes of the photoinduced 
electron transfer (PET) in biological systems (e.g. pho-
tosynthetic objects) appear to be operative at cryogenic 
temperatures. In contrast, most of the artificial porphyrin- 
and chlorophyll-based D-A systems do not undergo effec-
tive PET in low-temperature solids due to the destabilization 
of the ion pair state.[15,29,54] Nevertheless, we showed[60,66–68] 
that this rare event such as the low temperature (77 K) 
photoinduced charge separation between porphyrin mac-
rocycles may be observed in self-assembled triads if pen-
tafluorinated porphyrin extra-ligands are used as interacting 
subunits. The structure of the triad based on the dimer 
(ZnOEP)2Ph (D) and a di-pentafluorinated porphyrin extra-
ligand, H2P-(5F-Ph)2-(m^Pyr)2 is shown in Figure 6.

In titration experiments, while the absorption spectra 
of the triad is the sum of the dimer and extra-ligand ones, 
in addition to the strong quenching of the dimer emission, 
an extremely low fluorescence of the fluorinated extra-
ligand H2P(m^Pyr)2-(5FPh)2 is observed. At 293 K in tolu-
ene, the fluorescence excitation spectrum (monitored via 
the extra-ligand emission at 717 nm) is identical in shape 
to that of the individual H2P(m^Pyr)2-(5FPh)2, indicating 
that no fluorescence is sensitized via (ZnOEP)Ph2 absorp-
tion, i.e. the ET process dimer → fluorinated porphyrin has 
a low probability in this triad V at ambient temperature. 
In this respect it should be mentioned that the individual 
fluorinated molecule H2P(m^Pyr)2-(5F-Ph)2 is character-
ized by kinetic parameters of the excited S1 and T1 states 
(jF = 0.07, tS = 8.9 ns and tT = 1.35 ms), which are the same 
practically as for non-fluorinated porphyrin free bases.

It is known that pentafluorophenyl substituted por-

phyrin free bases are characterized by pronounced electron 
accepting properties (reduction potential E A

red = -0.85 V 
in benzonitrile).[66–68] Thus PET process may be operative 
in this case. Direct pump-probe measurements for the triad 
under study reveal[66] (Figure 6) that the increased fluori-
nated extra-ligand bleaching at 510 nm is characterized 
by a time constant of ~700 ± 200 fs and is attributed 
to the formation of the aradical anion of the extra-ligand 
and the radical cation of the dimer with the same charac-
teristic time constants (Figure 6B). It means that in this 
triad at ambient temperature, the dynamics of the effective 
PET step is characterized by a time constant of 700±200 
fs (Gibbs free energy DG0 ≈ –0.25eV, the donor-acceptor 
distance rDA ≈ 9.2 Å), and the ET process dimer → fluori-
nated porphyrin has a low probability in these conditions. 
In addition, we showed[66,89] that this ET process remains 
very efficient upon temperature lowering down to 120 K 
(kPET ~ 1010–1011s–1) and competes with the singlet-singlet ET 
process from the dimer to the pentafluorinated extra-ligand. 
In the triad (ZnOEP)2Ph⊗H2P(5F-Ph)2-(m^Pyr)2 PET is adi-
abatic at room temperature, while in a rigid solution at low 
temperature electron quantum tunneling may take place. 
Some reasons for the effective low-temperature PET in this 
case may be considered: i) the fluorinated porphyrin free 
base is strongly electron withdrawing and stabilizes a nega-
tive charge on its p-conjugated macrocycle; ii) the coordina-
tion of the electron-donating pyridyl rings helps to stabilize 
a positive charge on the Zn-dimer and thus lowers the energy 
of the radical ion pair state 1(Dimer+...Lig–).

In this triad, because of the fast PET the direct popu-
lation of the locally excited triplet T1 state of the fluori-
nated extra-ligand cannot be populated via intersystem 
crossing S1~~>T1. Correspondingly, the effective formation 
of the extra-ligand low lying T1 state (tT

0=6.4 ms in degassed 

Figure 6. Optimized structure (HyperChem software package, release 4, semiempirical methods AM1 and PM3) and femtosecond pump-
probe data for the (ZnOEP)2Ph⊗H2P(m^Pyr)2-(5FPh)2 containing a di-pentafluorinated porphyrin extra-ligand, H2P-(5F-Ph)2-(m^Pyr)2 
in a toluene+methylcyclohexane mixture (1:10) at 293 K. Mark ⊗ denotes what subunits are coupled in the triad. A: Time-resolved 
transient absorption spectra at various delay times with respect to the exciting pump pulse at 400 nm. B: Time evolution of the transient 
absorbance for the fluorinated triad formed by the excitation at 555 nm and measured at 510 nm (top) and 670 nm (bottom).
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solution) takes place from the upper-lying triplet or 
singlet radical ion pair states. Noteworthy, in the triad 
I, the decay of the low lying T1 state of usual porphyrin 
extra-ligands is characterized by the significantly larger 
values of t.[37,54,88,91] The tT shortening for the fluorinated 
extra-ligand in the triad (compared to T0 = 1.2÷1.4 ms 
for the non-fluorinated one) may be caused by the mix-
ing of an upper close-lying CT state with a locally excited 
T1 state[54] thus leading to the rise of the non-radiative 
transitions T1~~>S0 in the acceptor subunit. The same 
conclusions were drawn also upon analysis of the relaxa-
tion dynamics for the self-assembled complexes based 
on chemical trimers of Zn-octaethylporphyrins with phe-
nyl spacers in meso-positions, (ZnOEP)3Ph2 and containing 
H2P(m^Pyr)2-(5F-Ph)2 or other fluorinated extta-ligands as 
far as the same tendencies are observed in fluorescence 
and excitation spectra of the last complexes.[69]

Superexchange Electron Transfer in Porphyrin 
Triads with Additional Electron Acceptors

The existence of an additional electron acceptor 
of non-porphyrin nature (quinone or pyromellitimide) cova-
lently linked to the porphyrin chemical dimer (ZnOEP)2Ph 
leads to a more complex dynamics of the excitation energy 
relaxation in the corresponding triads.[68] The structure 
of the triad containing a dimer with a covalently linked 
quinone molecule (Q) and a porphyrin extra-ligand 
(ZnOEP)2Ph-Q⊗H2P(m^Pyr)2-(iso-PrPh)2 is presented 
in Figure 7.

Experimental studies of the triad (ZnOEP)2Ph-
Q⊗H2P(m^Pyr)2-(iso-PrPh)2 show the following:[68] 
1) The fluorescence of the dimer (ZnOEP)2Ph-Q is strongly 
quenched due to PET process dimer → Q (~ hundreds 
of picoseconds[68]). Titration experiments indicate that 
the fluorescence spectrum of the triad is character-
ized by a substantial additional quenching of the dimer 

(ZnOEP)2Ph fluorescence and the emission consist mainly 
of the free-base extra-ligand fluorescence bands. In addi-
tion, the fluorescence quantum efficiency (jF) of the com-
plexed extra-ligand H2P(m^Pyr)2-(iso-PrPh)2 in the triad 
is essentially smaller as compared to that for the extra-
ligand alone. 2) The fluorescence excitation spectrum 
(ldet = 720 nm) even measured in pure toluene is almost 
identical in shape to that of the individual extra-ligand 
H2P(m^Pyr)2-(iso-PrPh)2 and does practically not change 
in shape upon increasing solvent polarity (Figure 7B). 3) 
The rise of the solvent polarity leads to a fluorescence 
quenching of the complexed extra-ligand (by 1.3–1.4 times 
at 9 vol% of acetonitrile), while the dimer emission in this 
triad remains strongly quenched. 4) Based on TCSPC 
measurements (Figure 7C), an essential shortening 
of the fluorescence decays for the extra-ligand in Q con-
taining triad was found (t = 0.95 ns) compared to those 
for the same triads without Q (t0 = 7.7 ns). 4) In toluene at 
293 K, femtosecond pump-probe experiments reveal that 
a non-radiative deactivation of the dimer locally excited S1 
state in the triad takes place within t1 < 6 ps. 

These observed features for the Q-containing triad 
may be considered as evidence that the singlet-singlet ET 
dimer* → extra-ligand is slow compared to other path-
ways of the electronic energy deactivation of the excited 
dimer 1(ZnOEP)2Ph*. Based on a quantitative comparison 
of steady-state and kinetic data obtained for the triad 
(ZnOEP)2Ph-Q⊗H2P(m^Pyr)2-(iso-PrPh)2 with those ana-
lyzed for the same triad without Q and available literature 
data for other covalently linked di-porphyrin-quinone 
systems,[90] it was concluded[67,68] that the non-radiative 
processes in this case may be realized with the participation 
of long-distance electron transfer mediated by superex-
change interactions.[54,91,92] 

The schematic energy level diagram of excited states 
for the triad under study (Scheme 1) shows the main 
relaxation pathways, which may be realized after the direct 
excitation of the dimer (ZnOEP)2Ph. Being directly popu-
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Figure 7. Optimized structure (HyperChem software package, release 4, semiempirical methods AM1 and PM3) (A), fluorescence 
excitation spectra (lem=720 nm, 293 K) of the triad upon increasing solvent polarity (B) and decay-associated spectra derived from 
the global analysis of 12 TCSPC time-resolved fluorescence measurements (C, toluene, 293 K, l ex = 546 nm) of the triad containing 
quinone (ZnOEP)2Ph-Q⊗H2P(m^Pyr)2-(iso-PrPh)2. For clarity, side alkyl substituents in pyrrole and phenyl rings are omitted. B: pure 
toluene (1) and + 9 vol% of acetonitrile (2); fluorescence excitation spectra of individual extra-ligand (3) and the dimer (ZnOEP)2Ph-Q (4, 
multiplied by 10) in toluene at lem=720 nm. 
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lated upon excitation at 545–555 nm in toluene at 293 K, 
the locally excited S1 state (Lig...1Dimer*...A) of the dimer 
(ZnOEP)2Ph in the triad may be deactivated as a result 
of the following non-radiative processes: (i) one-step PET 
to the ligand (rate constant k6), (ii) one-step PET to Q (rate 
constant k9), and (iii) low-probable ET to the ligand (rate 
constant k5). In turn, the locally excited S1 state of the extra-
ligand may decay via two non-radiative processes: (iii) long-
distant superexchange PET to Q (rate constant ksuperexchange), 
and photoinduced hole transfer (rate constant k7).

As outlined in detail,[64,67,68] superexchange PET 
occurs because of coherent mixing of three or more states 
of the system (the superexchange model including the corre-
sponding electronic coupling terms[91,92]). Correspondingly, 
the dimer (ZnOEP)2Ph plays the role of the bridge, which 
does not directly participate in the PET process but lowers 
the barrier for its realization. Distant donor D and accep-
tor A can exchange their charges through the bridge, that 
is a high-lying “spectator” state |D+B–A〉 mediates the elec-
tron transfer from a donor state |D*BA〉 to the charge transfer 
state |D+BA–〉.

Bottom-up Approach for “Quantum  
Dot-Porphyrin” Nanoassemblies

Finally, keeping in mind the “bottom-up” 
approach based on self-assembly principles and inspired 
by Alexander ś and Geliy ś experience, we elaborated 
a strategy of the formation of organic-inorganic nanoassem-
blies containing colloidal semiconductor QDs of differ-
ent types (CdSe/ZnS and Ag-In-S/ZnS) and porphyrin 
molecules with functionalized anchoring side substituents 
or charged groups.[72–84] Like for porphyrin self-assembled 
triads, the importance of the designed two-point interacting 
domain was also demonstrated upon formation of the CdSe/
ZnS QD-porphyrin nanocomposites. Really, in the solu-
tions containing CdSe/ZnS QDs and triads/pentads there 
is a dynamic competition between the QD and the dimer 
(ZnOEP)2Ph to complex with the porphyrin extra-ligand. 
In this case we showed[78] that if the complexation constants 
KC are comparable for “QD-porphyrin” nanoassemblies 
and triads (KC =1.5⋅107 M–1) or pentads (KC =1.6⋅107 M–1), 
the QD PL quenching values I(x)/I(0) should be smaller 
by ~2 times compared to the corresponding values obtained 
for the titration by individual H2P extra-ligands (within 
the same molar ratio x =[Cporph]/[CQD] range).

It was observed that the addition of increasing 
amounts of the dimer (ZnOEP)2Ph to the mixture solution 
[QD + H2P(p-Pyr)4] does not lead to a decrease of the QD PL 
relative intensity (Figure 8, curve 1). This effect is attributed 
to the fact that upon addition of the dimer, the quench-
ing counterpart of the “QD-porphyrin” nanoassemblies, 
namely H2P(p-Pyr)4, remains to be attached to the QD 
surface. On the other hand, it is seen that the fluorescence 
of anchored H2P(p-Pyr)4 ligands is continuously quenched 
upon titration by the dimer (Figure 8, curve 2). It should be 
noted that upon comparative titration of solutions containing 
individual H2P(p-Pyr)4 molecules at the same concentration 
like in the case of the mixture solution [QD + H2P(p-Pyr)4], 
the H2P(p-Pyr)4 fluorescence quenching is also observed 

Figure 8. Left: Scheme of the competitive formation of “QD-Porphyrin triad” nanoassemblies (1) and self-organized pentads (2). Right: 
QD photoluminescence (curve 1, lrec= 481 nm) and extra-ligand H2P(p-Pyr)4 fluorescence (curves 2, 3, lrec= 714 nm) relative intensities, 
I(x)/I(0), as a function of the molar ratio y = [(ZnOEP)2Ph ] / [QD + H2P(p-Pyr)4, x = 0.45] at constant molar ratio x = [(ZnOEP)2Ph] / 
[H2P(p-Pyr)4]=0.45 for solution with QDs (1 and 2) and for individual ligand H2P(p-Pyr)4 (3). Toluene, 295 K, lex= 465 nm. 

Scheme 1.
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(Figure 8, curve 3) being noticeably stronger with respect 
to a mixture solution containing QDs (curve 2). This dif-
ference is explained by the fact that in solution containing 
individual H2P(p-Pyr)4 molecules only, the observed fluo-
rescence quenching is caused by the formation of pentads 
2(ZnOEP)2Ph⊗H2P(p-Pyr)4, in which the fluorescence 
of the extra-ligand is strongly quenched.[61,62,69,93] 

These results may be explained as follows. Being 
anchored to QD surface via two adjacent meso-(p-Pyr) 
rings, the ligand H2P(p-Pyr)4 may be attached with the dimer 
(ZnOEP)2Ph via coordination of the two central Zn ions 
of the dimer with para-nitrogens of two outer adjacent 
meso-(p-Pyr) rings (scheme in Figure 8). This compl-
exation seems to be favorable because of the weakening 
of steric interactions of the dimer with neighboring TOPO 
molecules in the H2P(p-Pyr)4 case. As a result, the triad 
(ZnOEP)2⊗(p-Pyr)4Н2Р should be formed on the QD sur-
face. Moreover, according to experimental data,[55,61,62,69] 
the Н2Р(p-Pyr)4 fluorescence in the triad should be less 
quenched with respect to the same extra-ligand emission 
in the pentad. It explains the observed smaller quenching 
effect for Н2Р(p-Pyr)4 fluorescence found in mixture [QD 
+ H2P(p-Pyr)4] solution (Figure 8, curve 2, triad formation 
on QD surface) in comparison with that for the emission 
of individual H2P(p-Pyr)4 solution (Figure 8, curve 3, 
typical pentad formation in a solution) at the same relative 
concentrations of the dimer.

Conclusions

Beginning from the first steps of our long standing 
and fruitful cooperation with Prof. G. Ponomarev and Dr. 
A. Shulga and inspired by their high professional level, 
a variety of highly organized multimolecular tetrapyr-
role assemblies of various and known morphology were 
formed based on the combination of covalent linkage 
and non-covalent coordination interactions. Steady-state 
and time-resolved experiments show complex energy 
and charge transfer dynamics, depending on the nanoas-
sembly geometry and composition, redox and photophysical 
properties of interacting subunits as well as on a tempera-
ture and polarity of the solvent. In addition to well-known 
photoinduced events (such as ET and PET processes) com-
monly observed in multiporphyrin nanoassemblies, some 
specific and/or rare processes of excitation energy relaxation 
dynamics were found and discussed: i) fluorescence line 
narrowing and spectral hole burning effects in porphyrin 
chemical dimers at liquid helium temperatures, which may 
be considered as precursors of single molecule spectroscopy 
studies;[93,94] ii) triplet-triplet ET in chemical dimers, which 
is still of interest now;[95] iii) unusual manifestation of NH-
tautomerism in porphyrin cyclodimers; iv) fast femtosecond 
PET in triads with fluorinated extra-ligands, which is still 
effective at low-temperatures in rigid environments thus 
mimicking PET in reaction photosynthetic centers; v) dis-
tant superexchange PET with coherent mixing of the higher 
excited states of the bridge in porphyrin triads with cova-
lently linked electron acceptors. 

The same self-assembly approach (based on the non-
covalent two-fold extra-ligation) was successfully extended 

to anchor (in a systematic and directed way) porphyrin 
molecules and porphyrin triads on semiconductor CdSe/
ZnS quantum dot surfaces. It was also demonstrated that 
this approach can be employed to create nanosize hetero-
nanoassemblies consisting of CdSe/ZnS QDs and porphyrin 
triads anchored on QD surfaces. 

The results presented show that the design and self-
assembly of organic/inorganic moieties into functional 
superstructures with vectorial energy relaxation dynamics 
are perspective for nanotechnology, supramolecular elec-
tronics, and nanobiotechnology.

Finally, thank all of them for joining together and tak-
ing the time to remember Geliy and Alexander. 
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