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Using the combination of spectral static and time-resolved experimental data together with theoretical calculations in
the frames of the corresponding models, the dynamics of competing non-radiative relaxation processes was quantita-
tively studied for various nanoassemblies containing porphyrin macrocycles (meso-nitrophenyloctaethylporphyrins
and their chemical dimers; Zn-porphyrin chemical dimers covalently linked with electron acceptor of non-porphyrin
nature; self-assembled porphyrin triads with covalently linked electron acceptors) upon variation of properties of
surrounding. Especial attention was paid to the analysis of some peculiarities of the photoinduced electron transfer
(PET) in few unusual and rare cases: i) the direct PET “through-space” mechanism with participation of S; and T,
states in the conditions of strong steric interactions between bulky C,Hs substituents in [-positions of pyrrole rings
and NO, group, ii) the competition of PET and energy migration in Zn-porphyrin chemical dimers with covalently
linked electron acceptor; iii) in self-assembled porphyrin triads, the extra-ligand S, state quenching via hole transfer
“extra-ligand — dimer” followed by the efficient formation of the locally excited T, state of porphyrin free base;
iv) realization of low-temperature PET in triads containing fluorinated porphyrin as electron acceptor; v) the extra-
ligand S, state quenching via long-range superexchange PET to covalently linked electron acceptor in triads.

Keywords: Porphyrin supramolecular complexes, S; and T, state quenching, picosecond and femtosecond time-
resolved spectroscopy, donor-acceptor interactions, photoinduced electron transfer, energy migration, sterically
hindered effects and non-planar conformations, Marcus theory, superexchange electron transfer.
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C ucnonvzoganuem KOMOUHAUUU CHEKMPATbHbIX CHAYUOHAPHBIX U 6PEeMS-PA3PEULeHHBIX IKCHePUMEHMATbHbIX
OQHHBIX COBMECTNHO C MEOPEMUYECKUMU PACYeMaMU 8 PAMKAX COOMEEMCMBYIOWUX MOOeael KOIUYeCMEEHHO UCCle-
008aHA OUHAMUKA KOHKYPUPYIOWUX Oe3bI3yYamenbHblX PelakCayuOHHbIX Npoyeccos Ons PA3IUYHbIX  HAHO-
ancamobnetl, cooepircaunux NoOpOUPUHOBble MAKPOYUKIbL (ME30-HUMPODEHUTOKMAIMUINOPPUPUHBL U UX XUMUYECKUE
oumepbl, Xumuueckue oumepvl Zn-nophupunos, KOBAICHMHO CEA3AHHbIE C INEKMPOHHBIMU AKYENnMOpamu Henop@u-
PUHOBOU NpUpoobl; camocoduparowuecs mpuaosbl NOPHUPUHOE C KOBALEHMHO CEA3AHHLIMU AKYENMOPpAMU IeK-
mpoua) npu eapuayuu ceoiicms oxpycerus. Ocoboe enumanue yoersiemcs anaiu3zy HeKomopvix ocobennocmell
omoundyyuposannoco neperoca snekmpona (PET) 6 neckonbKux HeoObIUHbIX U PEOKUX CAYYAsX. i) NPAMOU Mexa-
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PET in Porphyrin Nanoassemblies

Husm npocmpancmeennoz2o PET ¢ yuacmuem S; u T cocmosinuil 8 YCio6usix CUNbHBIX CIMEPUHECKUX 83AUMOOEUCMEUl
meancdy NO, epynnoti u obvemuvimu CrHs 3amecmumensivu 6 [-nonosicenusx nuppoibHulX Koaey, ii) KOHKypeHyus
PET u mucpayuu snepeuu 6 XuMuyeckux oumepax Zn-nop@upuna ¢ KOGALEHMHO CEA3AHHbIM AKYENMOpoM IieK-
mpoua, iii) mywenue S; COCMOAHUSL IKCMPA-TULAHOA 8 CAMOCOOUPAIOWUXC MPUADAX NOPHUPUHOS 8 pe3ybmame
nepeHoca ObIPKU «IKCMPA-TUSAHO — OUMEDPY, CONPOBOANCOAIUIe20CsL IPPEKMUBHbIM 3aCeNleHUEM JIOKATbHO 8030Yic-
dennoeo T; cocmosinusi c60600H020 0CHOBANUs NopPupuna, iv) pearuzayus Huskomemnepamypnozo PET ¢ mpuadax,
cooeporcawux pmopuposanmwiti NOpPHUPUH 6 Kawecmee aKYenmopa 2NeKmpona; v) myuieHue S; cCOCMOSHUSL IKCMpa-
ameanoa 3a cuem oucmanyuonnoeo PET no mexanwusmy cynepobmena HA KOBALEHMHO-CEA3AHHbINL AKYENnmop
INIEKMPOHA 8 MPUADAX.

KatoueBnie caoBa: IlopdupuHoBBIE CynpaMoieKyJsipHble KOMIUIEKCH, Tymienue S; u T, cocTosHHMH,
MIUKOCEKYH/IHast 1 (PeMTOCEKYH/IHAs BpeMsi-pa3pellieHHasi CIIEKTPOCKONHSI, JOHOPHO-aKIEIITOPHBIC B3aUMOACHCTBUS,
(OTOMHIYIIMPOBAHHBIH NEPEHOC IEKTPOHA, IEPEHOC YIHEPTUH, CTEPUIECKH HANPSDKEHHBIE NOP(QUPHHBI M HETIIOCKHUE

koH(opManuu, Teopus Mapkyca, IepeHOC JIEKTPOHA 110 MEXaHU3MY CylepoOMeHa.

Introduction

Today it is well documented that tetrapyrrole
macrocycles displaying an impressive variety of electronic
and optical properties, connected partly with various central
metals, are considered as pigments of life in nature, per-
forming different functions in living systems depending on
the bound metal ion.!"! Magnesium containing chlorophylls
and bacteriochlorophylls are the vital chromophores
embedded in the light-harvesting complexes and reaction
centers of the photosynthetic units of plants, algae, mosses
and bacteria; iron containing heme is responsible for
oxygen transport and electron transfer in blood; cobalt and
nickel containing porphyrins act as vitamins or promote
bacterial methane metabolism. Thus, it’s not surprising that
a huge range of tetrapyrrole compounds as well multi-
porphyrin arrays has been investigated, with the goal of
synthetizing efficient bioinspired molecular systems for
light harvesting (energy transfer events), charge separation
(photoinduced electron/hole transfer), photocatalytic pro-
cesses, nanoelectronics and biomedicine.* ™ 1t was evi-
dently shown that self-assembly is promising for construc-
tion of a wide variety of multiporphyrin nano-assemblies,
whose 1D/2D/3D structures are typically relevant to their
functions. In-depth understanding of their structure-function
correlations is essential for rational design and development
of functional multiporphyrin nano-assemblies.'” Given the
potential applications and the need for better theoretical
frameworks, the design and construction of novel multipor-
phyrin architectures by self-assembly and self-organization
continues to be an active research area.

In this respect without any doubts, Ivanovo team
(Ivanovo State University of Chemical Technology, Russia)
under leadership of full member of Russian Academy of
Sciences Professor Oskar I. Koifman (and his teacher
Professor Boris D. Berezin in former times) is known in the
world scientific community, and has succeeded a lot of
principal results in porphyrin related directions including
synthetic strategy, physical and coordination chemistry of
tetrapyrrolic macrocycles, construction and study of
supramolecular assemblies on their basis as well as
realization of various practical applications in industrial
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chemistry, catalysis and biomedicine. Academician O.I.
Koifman published more than 1360 scientific works,
including 9 monographs, 18 chapters in monographs, 22
review articles, and 80 inventor’s certificates and patents as
well as was a supervisor of 8 doctoral dissertations and 27
PhD dissertations. From our side, with his participation we
have successfully realized the International INTAS project
(2004-2008) and two Russian-Belarussian projects (2014-
2016, 2018-2020). In fact, Prof. Koifman has gained the
respect of the scientific community and the broader
community engaged in science policy work, both nationally
and internationally, due to his outstanding scientific
accomplishments, his support of a young generation of
scientists, and the leadership and vision he has displayed.
With profound sadness we knew the passing of Prof. Oskar
Koifman on December 31%, 2023. For all of us who have
had the privilege of knowing him — whether as friends,
colleagues, collaborators, or students — it is an immense
fortune to get acquainted with Prof. Koifman and have
opportunities to know his intelligence, high scientific level
and warmth firsthand.

Concrerning the nature of the non-radiative channels
of excitation energy relaxation in multiporphyrin nano-
assemblies of various composition and morphology one
should mention the following. From photophysical
background, the observed luminescence quenching of some
components in multiporphyrin complexes may be
interpreted as being due to Forster inductive-resonance
energy transfer (FRET)®™' and/or the photoinduced
charge (electron or hole) transfer.”*** In this respect, one
principle remark should be underline: according to classical
Marcus theory!”” in case of charge transfer process the
emission of both donor and acceptor of charge is supposed
to be quenched in more or less extent (see Figure 1).

By now, taking into account this aspect various
systems with two or more identical tetrapyrrolic donors or
acceptors have been studied using noncovalent D/A
mixtures and assemblies, as well as covalent D—A
porphyrin dyads and triads with electron acceptors of the
non-porphyrin nature, all of which have the potential for
electron/hole hopping or delocalization between the two A
or D species.| !
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Figure 1. Processes and energetic scheme of non-adiabatic endergonic photoinduced electron transfer in the “normal” region according to
classical Marcus theory.?? Physico-chemical meaning of abbreviations included in the formula will be given in the text.

Here, in this semi-review paper, taking into account
our recent results (including experimental findings and
theoretical calculations, which have been obtained partly
with participation of representatives of Ivanovo team) we
would like to present quantitative comprehensive analysis
of the reasons of luminescence quenching due to competing
non-radiative relaxation processes paying an especial atten-
tion to the analysis of some peculiarities of photoinduced
electron transfer (PET) presumably. Moreover, we would
like to analyze few unusual and relatively rare cases: i) the
direct PET “through-space” mechanism in porphyrin
macrocycles with participation of S; and T, states in the
conditions of strong steric interactions between bulky C,H;
substituents in B-positions of pyrrole rings and NO, group;
ii) the competition of PET and energy migration in Zn-
porphyrin chemical dimers with covalently linked electron
acceptor; iii) the extra-ligand S, state quenching via hole
transfer “extra-ligand — dimer” followed by the efficient
formation of the locally excited T; state of porphyrin free
base in self-assembled porphyrin triads; iv) realization of
low-temperature PET in triads containing fluorinated
porphyrin as electron acceptor; v) the extra-ligand S, state
quenching via long-range superexchange PET in porphyrin
triads containing covalently linked electron acceptor of
non-porphyrin nature. Correspondingly, a comparative and

OEP-Ph(0-CHs)
t OEP-Ph(0-NO2) :
PAOEP-Ph(0-CH):
N Et
PAOEP-Ph(0-NO2):

M =2H, R=CHs
M =2H, R=NO:
M=Pd, R=CHs
M=Pd, R=NO:

O,N

quantitative description of these rare PET phenomena in
nanoassemblies of various morphology containing
tetrapyrrolic subunits may be considered as a main goal of
this contribution.

Experimental

Synthesis, purification and characterization of 5-(ortho-
methylphenyl)- and 5-(ortho-nitrophenyl)-2,3,7,8,12,13,17,18-
octaethylporphyrins (OEP-Ph(o-CH3) and OEP-Ph(0-NO,)), and
their palladium(Il) complexes (PdOEP-Ph(o-CH;) and PdOEP-
Ph(0-NO,)) were performed by Dr. A. Shulga and described in our
carlier publications®***! (Figure 2A). The octaethylporphyrin
chemical dimers with meso-phenyl spacer OEP-Ph-OEP as well as
their meso-nitrophenyl substituted derivatives OEP-Ph-OEP-Ph(o-
NO,) were synthesized according to the known methods!**"
(Figure 2B).

The preparation, identification and purification of the
chemical dimer (ZnOEP),Ph with meso-phenyl spacer was
reported by us earlier.*” The corresponding compounds based on
the dimer (ZnOEP),Ph and electron acceptors para-benzoquinone
(Q) and pyromellitimide (Pim) were prepared and identified
according to known procedures.*!) Pim was comparatively used
because of the simple detection of the characteristic absorption
band of its anion radical (Ay,=715 nm ¥*) and a pertinent one-
electron reduction potential with respect to the chemical dimer
(ZnOEP),Ph. The corresponding structures are shown in Figure 3.

B
Et Et Et Et
Et Et Et Et
@), R
Et Et Et Et
Et Et Et Et

Figure 2. Structures and abbreviations of meso-nitrophenyl and methylphenyl substituted octaethylporphyrins, and the corresponding

Pd-complexes (A), as well as their chemical dimers (B).
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Figure 3. Structures and abbreviations of chemical dimer (ZnOEP),Ph with meso-phenyl spacer as well its derivatives containing electron
acceptors para-benzoquinone(Q) and pyromellitimide (Pim) covalently linked via meso-phenyl ring to the dimer.

Figure 4. Mutual arrangement of the chemical dimer (ZnOEP),Ph and porphyrin extra-ligands in triads without electron acceptor (I, II)
and triads containing electron acceptors, quinone Q and piromellitimide Pim, covalently linked to the dimer (III, IV). I: (ZnOEP),Ph®
H,P(m"Pyr),-(iso-PrPh),; II: (ZnOEP),Ph®H,P(m"Pyr),-(5FPh),; III: (ZnOEP),Ph-Q®H,P(m"Pyr),-(iso-PrPh),; IV: (ZnOEP),Ph-
Pim®H,P(m"Pyr),-(iso-PrPh),. Optimized geometries have been calculated on the basis of HyperChem software package (release 4,
semiempirical method PM3). For clarity, side alkyl substituents in pyrrole rings of the dimer and meso-phenyl rings of the extra-ligand are
omitted. Central Zn ions in the dimer are coupled by co-ordination bonds with nitrogens of pyridyl rings (Pyr) of tetrapyrrole extra-ligands
(H,P is porphyrin). Two-fold interaction is formed via adjacent () pyridyl rings having nitrogens in meta- (m) positions. The symbol ® is
used in order to show what interacting subunits (dimer and extra-ligand) are bound together.

Self-assembled porphyrin triads of various but controlable
geometry were formed (using the extra-ligation effect’™) during a
successive titration of the dimer (ZnOEP),Ph solution with
dipyridyl-substituted porphyrin free base (H,P) and its
pentafluorinated derivative (H,PF) described in our publica-
tions.!'%!34] Two types of the triads with the same geometry
and the same dimer will be discussed in this paper: one type con-
tains usual porphyrin extra-ligand H,P(m"Pyr),-(iso-PrPh), with
adjacent pyridyl rings or its fluorinated derivative 5,10-di(penta-
fluorophenyl)-15,20-dipyridyl free base porphyrin, H,P(m"Pyr),-
(5FPh), known as a strong electron acceptor.l'**”*) In the triads
of the other type, the chemical dimer (ZnOEP),Ph additionally is
covalently linked in meso-position to an electron acceptors, such
as para-benzoquinone (Q) or pyromellitimide (Pim). For such
triads, we like to discuss some aspects of interporphyrin and
porphyrin—quinone PET events competing with the non-radiative
energy transfer processes. The structures of the corresponding
self-assembled triads of both types are shown in Figure 4.

The static fluorescence and excitation spectra were recorded
on a Shimadzu RF-5001PC spectrofluorometer and absorption
spectra on a Shimadzu UV-3101PC spectrophotometer. For
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temperature dependent measurements a homemade cryostat was
used. They served as an experimental background showing the
stability of the objects under study, their spectral properties and
the self-assembly of the triads. The most principal findings
showing the interactions of the counterparts as well as the
temporal dynamics of the excited states for subunits were obtained
on the basis of time resolved fluorescence and transient pump-
probe results using the corresponding home-made equipment
described in!''#*! (Figure 5).

Picosecond time-resolved fluorescence measurements (the
time correlated single photon counting, TCSPC experiments) were
performed out using laser picosecond fluorescent setup with 2-D
(wavelength-time) registration based on a dye laser (repetition rate
4 MHz, 10 ps pulses) and a Streak-Scope (Hamamatsu Model
C4334, experimental response A, =30 ps). Pump-probe experi-
ments involved a Coherent MIRA 900 Ti:sapphire laser with a
regenerative amplifier and a parametric oscillator running at 1 kHz.
Excitation in the 400-800 nm range was used, the experimental
response was A, = 120 fs. For temperature dependent measure-
ments a homemade cryostat was used equipped with the tempera-
ture controller ITC502 (Oxford Instruments).
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Results and Discussion

1. Influence of steric hindrance interactions on
photoinduced electron transfer in meso-nitrophenyl-
octaethylporphyrins and their chemical dimers

Previously, we have shown for the first time!'***744]

that in OEP-(Ph) molecule as well as in its Zn- and Pd-
complexes, one meso-phenyl substitution leads to steric
interactions of meso-phenyl ring with bulky p-alkyl
substituents followed by the non-planar deformations of the
porphyrin macrocycle in the T; state presumably what
manifests itself in the strong decay shortening (by ~ 300
times) of T; state while properties of S; state remain
unchanged practically. In addition, it was shown within
fruitful cooperation with Ivanovo team'**") as well as by
other groups[so'5 %) that with increasing the number (n = 1+4)
of meso-phenyl rings or introduction of bulky peripheral
substituents in the f- and meso-positions of the OEP
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molecule lead to distortions of m-conjugated macrocycle
from planarity even in the ground S, state, considerably
changing its geometry and electronic structure, followed by
the perturbation of the energy level structure and
strengthening of the non-radiative deactivation channels
S| ~~>Syand T,~~>T, for excited S; and T states.

It should be mentioned in this respect that using NO,-
group as an electron acceptor did not seem to be promissing
enaugh because of relatively small PET rate constants with
respect to those obtained for numerous synthetic porphyrin-
quinone D-A pairs.”**") But nevertheless, we found”*®!
that namely steric hindrance interactions in meso-ortho-
nitrophenyl substituted molecules OEP-Ph(o-NO,) and
PdOEP-Ph(0-NO,), and in their chemical dimers (see
structures A and B in Figure 1) may enhance significantly
PET rate constants and efficiency. Below we discuss main
results and conclusions obtained for these compounds on
the basis of spectral-kinetic measurements (Table 1) and the
corresponding calculations.

800 nm
B 76 MHz, 1W
Ti-Sa-Laser ST 13nJ sp
N
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\ ( Ar.-lonen-Laser ‘ l Aulokorre\amrl o
Sp o 4
s ST Sp gee
s sp A N
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Figure 5. Principal schemes of laser picosecond fluorescent setup (A) and femtosecond pump-probe setup for spectral-kinetic

measurements of transient states (B).

Table 1. Kinetic parameters of S; and T, states for OEP-Ph molecules at 295 K in toluene and dimethylformamide (*).

Compound o) Tg, NS (PPO TT, NS rTO, ns
OEP-Ph(0-CHj;) 0.07 11.4 - 370 1000
OEP-Ph(0-NO,) 0.002 0.125 _

0.0003* 0.040%* 700 0.75
PdOEP-Ph(o-CHj) 3.2-10™ 0.0136

5 8104 . 0.03 200 85
PdOEP-Ph(0-NO,) 1.4-10™ 0.007 ~107° 0.046 0.65

0.5-10™* ~0.003* — 0.020* 0.25%

Notes: @ and @p are quantum yields of fluorescence and phosphorescence in non-degassed solution; tg are fluorescence decays in non-
degassed solution; values of tr and t;° are values obtained on the basis of ps transient absorption measurements in non-degassed and
degassed solutions, correspondingly; tr and t° values reflect the recombination of the radical ion pair for nitro-phenyl substituted

molecules.
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Table 2. Energies of locally excited S; and T; states and PET parameters for OEP-Ph(0-NO,) and PAOEP-Ph(0-NO,).

0
Compound ES})’ Eg/l)’ E(SVT ) Asors €V A, eV AGT eV AGY, eV kgET ,s7! kgET , st
S;—»>CT T,»CT S,—»CT T,—»CT
Toluene (e = 2.38), 295 K
OEP-Ph(0-NO,) 196 154 178 003 023 -0.18  +024  0.003 - 8.0-10° —
PdOEP-Ph(0-NO,) 223 184 179 0.03 023 -0.44 -0.05 0.05 0.035 7.0-10" 2.2-10"
Dimethylformamide (¢ = 36.7), 295 K

OEP-Ph(0-NO,) 197 154 175 045 065 -022  +0.21 0.07 — 2.5-10" -
PdOEP-Ph(0-NO,) 224 1.85 176 045 065  -0.48 -0.09 0.01 0.12 2.6-10" 5.0-10"

Notes: Calculations of rate constants kpgy for the photoinduced electron transfer from S, states, KSppr, and T, states, & pgr, were done
according to well-known expression kpzr=1/1 —1/7°, where 1° and t are decays of unquenched and quenched S, or T; states. Calculations
of other parameters for PET with participation of for S; and T states were carried out using the corresponding Equations (1-4).

It is seen from Table 1 that the fluorescence quantum
yield of OEP-Ph(0-NO,) is decreased by 35 times with
respect to that for OEP-Ph(0-CHj3) in toluene at 295 K, and
in polar dimethylformamide (DMF) this quenching
becomes stronger. Time-resolved measurements show also
that for OEP-Ph(0-NO,) molecule the relaxation time of S;
state is equal 1s=125 ps while for OEP-Ph(0-CH3) molecule
17s=11.4 ns in toluene at 295 K. Data presented in Table 1
show that in polar DMF this shortening becomes stronger
175=40 ps for OEP-Ph(0-NO,). In the case of Pd-complexes
the tendency is the same: for PdOEP-Ph(o-CH;) molecule
7s=13.6 ps, while for PdOEP-Ph(o-NO,) molecule
T7s=7.4 ps in toluene and 3 ps in DMF. S, state molecule
decays with ts=13.6 ps In addition, for PdAOEP-Ph(0-NO,)
S, state decay shortening is accompanied by the decrease of
the fluorescence efficiency by 2.3 times with respect to that
for PAOEP-Ph(0-CH3;). Finally, it should be noted that at 77
K in glassy matrixes, fluorescence lifetimes for PAOEP-
Ph(o-CH;) and PdOEP-Ph(0o-NO,) coincide practically.
Taken together, all these results for OEP-Ph(0o-NO,) and
PdOEP-Ph(0-NO;) molecules demonstrate the existence of
the effective PET OEP— NO, in meso-ortho-nitrophenyl
substituted octaethylporphyrins taking place in a
picosecond time scale.

According to the semiclassical Marcus
theory,[22’25’56’57] at high temperatures the rate constant K per
for endergonic or moderately exergonic non-adiabatic PET
within the “normal” region is given by the following
expressions:

2 v? 4G
kypn ==~ -exp| — (1)
" h (4ama,T)” p[ kT J
2
AG? +
AG" = 7( ) @
4)

Here k3 is Boltzman’s constant, T is the temperature, 4
is Plank’s constant, V' is the electronic coupling term
between the electronic wave functions of the reactant and
product states, A= Ay, + Ay iS the Gibbs reorganisation
energy (determined by the nuclear A;, and solvent A,
reorganisation energies), AG® is the standard Gibbs energy
of the PET reaction, AG™ is the Marcus Gibbs activation

138

energy. For porphyrins that do not undergo substantial
geometry changes upon one-electron redox events A;,=0.2
eV.[22336 The solvent reorganization energy A, is often
calculated according to!***

WU [ SO S U 0 S U (S
soly 4neg | 2rp 2ry Tpy Eop € |

where e is the charge transferred, ¢, = n’ is the optical
dielectric constant, n is the refraction index and g, is the
static dielectric constant of the solvent. Based on the
literature data and the HyperChem optimised OEP-Ph(o-
NO,) geometry, the following parameters were obtained:”™
=5A,1r=3.5A,1p,~5.7 A and Ay, =0.5 eV, 1=0.7 eV.

In the case of ET from the singlet excited state ¢ of the
reaction is given by!?>*>36!]

AG’ = e(E” - Ergdz/z) - W-Ejg “4)

For OEP-Ph(0-NO,) molecule AG® = —0.16 ¢V, and
AG™=0.1 eV. Thus |-AG|< A, and PET process in this
case may be assigned to the “normal” region of the Marcus
parabolic dependence, log(k*rgr) = 1 (~AG").

All calculated PET parameters for OEP-Ph(0-NO,)
and PdOEP-Ph(0-NO,) molecules in toluene and DMF are
collected in Table 2 where calculated rate constants for PET
from S, states, &°ppr, and T, states, k' ppr are presented also.

It is seen from Table 2 that for OEP-Ph(0o-NO,) and
PdOEP-Ph(0-NO;) molecules the rate constant kSPET
increases significantly on going from toluene to DMF. This
rise reflects the increase of the electronic coupling term
V5., (calculated using Eq. 1) upon the solvent polarity rise
(transition from toluene to DMF) due to the fast
polarization-induced orientational rearrangements of the
solvate shell in polar media: V512:7 cem! - Vslz =70 cm’!
for OEP-Ph(0-NO,) and V*,=14 cm™ — V*,=56 cm™ for
PdOEP-Ph(0-NQO,). The data of Table 2 show also that for
PdOEP-Ph(0-NO,), the rate constants k’pz; are somewhat
smaller than &°pzr values. A possible reason of that may be
connected with a different character of distribution of the
local electron densities of the porphyrin macrocycle in S,
and T, states caused by distinct overlap with molecular
orbitals of NO, group in the conditions steric hindrance
interactions.
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Figure 6. Schematic energy level diagram for low-lying locally excited S; and T states, charge-transfer states CT and decay pathways
for OEP-Ph(0-NO,) and PAOEP-Ph(0-NO,) at 295 K. Rate constants of the following processes are shown: f, fluorescence S;—Sy; r, inter-
system crossing S;~~>T; p, phosphorescence T;—>Sy; q, non-radiative deactivation T;~~>S; k’pgr and k7 pz7, PET with participation of S,
and T states, correspondingly; ka, thermally activated population of higher lying states; ks, and k3, spin dephasing ion-radical pair;
kg and kg, recombination of singlet and triplet ion-radical pair, correspondingly; '[IP] and [IP], singlet and triplet states of ion-radical
pair. Top: Optimized geometry of OEP-Ph(0-NO,) molecule (calculations on the basis of HyperChem software package, release 4,

semiempirical method PM3).

Finally, it should be mentioned that, in contrast to PET
rate constants obtained at ambient temperature in non-polar
solvents for nitroporphyrins with other displacement of
NO, groups as well as for tetraazapophyrins with nitrogroup
and nitro-phenyl substituted TPP derivatives, our results for
these meso-ortho-nitrophenyl substituted OEP-Ph(0o-NO,)
molecules give k°pzr values by 1-2 orders of magnitude
higher and demonstrate that steric hindrance effects and the
nature of the linkage between D and A influence signifi-
cantly on the efficiency and the mechanism of PET. In our
case, for mono-meso-phenyl substituted OEP and their
chemical ephras containing the NO, group in the ortho-
position of the phenyl ring, steric interactions between
bulky C,Hs substituents in B-positions of pyrrole rings and
NO, group favor the efficient electronic interaction
between the donor and the acceptor thus leading to efficient
quenching of the porphyrin fluorescence due to the direct
PET from the S, state to a low-lying charge-transfer state
(CT) via “through-space” mechanism. Quantum-chemical
calculations show!®” that the lowest unoccupied molecular
orbital of the OEP-Ph(0-NO,) molecule is almost com-
pletely localized at the nitro group (93.8%) and has only a
small admixture (3.3%) of atomic orbitals of the porphyrin
macrocycle. According to these calculations, a nonzero
contribution of the atomic orbitals of NO, group to the
porphyrin ey, orbital (2.7%) is typical for OEP-Ph(0-NO,),
which indicates a direct overlap of porphyrin m-orbitals
with the lowest unoccupied molecular orbital of NO, group.
As we discussed above, for ortho-NO, containing com-
pounds steric interactions of C,Hs groups at the B-pyrrolic
positions flanking bulky ortho-NO, substituents in the
phenyl ring lead to libration motions of the phenyl ring to
be strongly hindered. Thus, for such certainly more con-
formationally rigid D-4 pair the spin-exchange energy is
negligible and the spin rephasing between the singlet and
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triplet radical ion pairs is rather effective with the corre-
sponding rate constants of ki3~ k3 = 5.0'10”s™ (Figure 6).

However, in the dimer OEP-Ph-OEP-Ph(0-NO,) &°ppr
is reduced by three times relative to that for the corre-
sponding monomer OEP-Ph(0-NO,). It seems reasonable to
propose that this reduction is connected with the existence
of the competing non-radiative S-S energy migration
between covalently linked porphyrin macrocycles (with the
rate constant of F¥°=(1.9-5.0)10°s™).

Concluding, results describred in this section evidently
show that the photophysical consequences of the dynamic
non-planarity of meso-phenyl substituted octaethylporphy-
rins in excited states should be included in the quantitative
estimation of the quenching efficiency for the correspond-
ing porphyrins with NO, groups and more complex arrays
on their base.

2. Photoinduced electron transfer in porphyrin che-
mical dimers covalently linked with electron acceptor

It was shown by us earlier™'"! that at 293 K
absorption spectra of porphyrin chemical dimers
(ZnOEP),Ph-A with covalently linked Q and Pim (see
Figure 3) are identical with that obtained for pure dimer.
These observations provide good evidence for the absence
of ground-state interactions between the dimer tetrapyrrole
rings and attached Q or Pim acceptors.

Nevertheless, in contrast to the pure dimer
(ZnOEP),Ph (fluorescence decay 15’ =1.21 ns in toluene at
293 K), the essential fluorescence quenching is observed
for (ZnOEP),Ph-A systems at the same conditions (15 =34
ps for (ZnOEP),Ph-Q and (ts =135 ps for (ZnOEP),Ph-Pim,
Table 3). In addition, femtosecond transient absorption
spectra show a noticeable spectral dynamics depending on
delay time and the registration wavelength (Figure 7A,B).
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In the case of ZnOEP),Ph-Q the decay value derived from
the time evolution of the transient absorbance at 680 nm
corresponds to the dimer locally excited S, state deactivation
within =25 ps in toluene at 293 K. The picosecond fluores-
cent TCSPC method gives 1s=34 ps in toluene (Table 3) and
15=27 ps in toluene+pyridine at ambient temperature. For
(ZnOEP),Ph-Pim dimers, femtosecond transient absorption
data show the absorption bands rising near 670 nm and 715
nm (Figure 7B) which we ascribed to ZnP" and Pim™ species,
respectively, by referring to the corresponding spectra
obtained by electrochemical oxidation of ZnOEP!® and
reduction of Pim."* Transient absorption decays measured at
670 nm and 715 nm coincide within experimental error
manifesting themselves the existence of one-step PET from a
locally excited S; state of the dimer (ZnOEP),Ph to the
electron acceptor 'Dimer ...Pim — Dimer...Pim". The com-
parison of data presented in Table 3 and Figure 7 indicates a
reasonable agreement between results obtained via pico-
second fluorescent measurements (TCSPC method) and by
femtosecond pump-probe technique.

The analysis of PET events being obtained for
(ZnOEP),Ph-Q and (ZnOEP),Ph-Pim dimers, having the
same geometry but different acceptors shows the following.
For these systems in the given conditions, the semi-classical
Marcus theory of endergonic or moderately exergonic non-
adiabatic PET occurring within the “normal” re-
gion,”>*>***") may be applied also. Thus, the application of
Equations 1—4 is correct in this case (see Notes to Table 3).

With the assumption that the standard Gibbs energy
AG® and the reorganisation energy A are temperature
independent, the estimation of A value and the electronic
coupling term V7 may be done from the experimental
dependence of kpgt on temperature according to:17!

s

AG
In[kET()LTNZ]: C2 _k7T , (5)
B
4’ y?
C,=ln|— ———
where C, [ A (47[43)1/2} (6)

Using this approach, our TCSPC data for
(ZnOEP),Ph-Pim in toluene and toluenetpyridine in a
temperature range of 273-196 K were fitted (see Figure
7C). The presented results show that the data for both
solvents fall on linear plots with good correlation
coefficients. Estimated nuclear and electronic factors are as
follows: A = 0.243 eV, V' = 1.18 meV (toluene) and A =
0.417 eV, V = 2.12 meV (toluene+pyridine). Taking into
account that nuclear factors A do not differ significantly for
two dimers of the same geometry, (ZnOEP),Ph-Q and
(ZnOEP),Ph-Pim, and different values of AG” (Table 3) one
obtains the corresponding values of the electronic coupling
for quinone-substituted dimer: V= 2.35 meV (toluene) and
V=422 meV (toluene+pyridine).

Table 3. Structural and photophysical parameters for the dimer (ZnOEP),Ph-A with covalently linked acceptors at T=295 K.

Dimer-A ESD).,ev  EJ9 eV A mpa A E(IP),eV  AG’ eV T, ps kgr.10'0, 7!
(ZnOEP),Ph-Q 2.13 -0.45 33 10.8 1.72 -0.41 34 2.86
(ZnOEP),Ph-Pim 2.13 -0.76 35 13.0 2.00 -0.13 135 0.66

Notes: The energy level of the dimer locally excited S, state £(S,”) was determined on the basis of the fluorescence and absorption Q(0,0)
bands. One electron reduction potentials Es™® (in dimethylformamide) were taken for Pim E,\* = —0.76 V,** and for Q E,,¢ =
—0.45 V.51 One electron oxidation potential for the dimer (ZnOEP),Ph was used as E,,”=0.74 VI Acceptor r, radii for Q*! and
Pim[***?) were taken from literature. Radius of the donor (ZnOEP),Ph and intercenter distances rp, were estimated on the basis of
molecular modeling (HyperChem software package, release 4, semiempirical method PM3). The energy levels of the ion pair states in
toluene were estimated according to [65]: E(IP) = e(Ep™ — EA™%) + AGs, where the standard Gibbs energy AG® and Marcus Gibbs
activation energy AG™ were calculated using Equations 2—4 presented in previous section. PET rate constants kgp were calculated using the
formulae kgr = 1/t5 — 1/15°, where ts’=1.21 ns is fluorescence decay of pure dimer (ZnOEP),Ph in toluene, ts is S; state decay measured
for (ZnOEP),Ph-A systems.

0,15 |- B —s— Ops |
L iy —o— 2ps
r '4 3 —s+—139 ps
6
L 010 | 7 N 715nm |
L T“\ Y 670 nm Pim-
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Figure 7. Time profiles in transient absorption spectra of ZnOEP),Ph-Q measured at 480 nm, 680 nm and 700 nm (A, A,um,=400 nm), and
time-resolved absorption spectra of (ZnOEP),Ph-Pim at delay times 0 ps, 2 ps and 139 ps (B, A,,mpy=540 nm) in toluene at 293 K. (C)
Analysis of the temperature dependence of kpgt for ZnOEP),Ph-Pim in toluene (1) and toluene+pyridine (2) using Eq.(6). Experimental

dependencies are fitted by a linear function y =mx + y,, where | ov? [z | and me— (AG% +2)2
T kg 42k

Yo =
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It is known,'®®! that PET reactions are non-adiabatic by
Landau-Zener criteria if they satisfy the following
relationship

4TV /h 20k T)'? < 1, (7

where ©~100 cm™ for typical low-frequency solvent
motions at 300 K. It follows from above presented data that
for (ZnOEP),Ph-Q; and (ZnOEP),Ph-Pim dimers this
criterion is operative. Thus, assuming realistic errors for A
and AG® estimations one may conclude that at 293 K the
dimer S; state quenching is due to the non-adiabatic PET.

Finally, one principlal moment should be mentioned:
for the dimer (ZnOEP),Ph-Q the PET rate constant in
toluene at 293 K (kppr=2.86-10"" s, Table 3) is smaller,
essentially if compared to those found for monomeric ZnP-
Q compounds with the same rp, distances, and near AG°
values (kpgr= (1.6-6.0)-10'" s in benzene at 293 KI°*)). The
reason of that is explained definitely if one takes into
account the competition between the non-radiative S-S
energy migration among dimer subunits and charge
separation. According to experimental findings and
theoretical estimations,'"'"*”! for Zn-porphyrin chemical
dimers with intercenter distances of rpaxl11-13 A, rate
constants of the non-radiative S-S energy migration are of
kem~ (3=7)-10"s7". Correspondingly, as far as for the dimer
(ZnOEP),Ph-Q kgy < kpe, @ slower energy transfer process
limits the fast PET leading to the relative decrease of the
experimental kpgr values with respect to those found for
quinone substituted monomers. In contrast, for the dimer
(ZnOEP),Ph-Pim the inverse situation realises: kgy = kgt
Correspondingly, in the latter case the experimental kgr
values are of the same order of magnitude for dimers and
monomers.

3. Photoinduced electron transfer in self-assembled
porphyrin triads: role of the solvent polarity and
temperature

One major purpose of our approach in this direction
was to mimic some aspects and functionalities of
chlorophylls within photosynthetic systems in vivo. As
outlined in Introduction, the main challenge in making
porphyrin-based systems that mimic the primary
photoevents taking place in natural objects lies in the
preparation of multiporphyrin complexes of predicted
composition and morphology where subunits may be
coupled via both covalent and non-covalent bonds. Such an
approach has been realized by us upon formation and study
of various multicomponent arrays containing tetrapyrrole
macrocycles [#!011:27283943.69B1 - this section,  we
quantitatively discuss some peculiarities of PET processes
which have been found and studied in self-assembled
porphyrin triads of the same structure formed via
coordinative interactions of two Zn ions of the porphyrin
chemical (ZnOEP),Ph with dipyridyl-substituted porphyrin
free bases (as extra-ligands) such as H,P and its
pentafluorinated derivative (H,PF) (optimized geometries
of the triads I and II are presented in Figure 5).

Our previous results reveal™'®'""! that in non-polar
solvents at ambient temperature, the formation of 1:1 self-
assembled triads is realized during a titration of the dimer
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(ZnOEP),Ph solution by solutions of various dipyridyl-
containing porphyrin free bases (extra-ligands). In all cases
absorption spectra of the triads are essentially a linear
combination of the corresponding dipyridinated dimer
(ZnOEP),Ph and extra-ligand, with only small differences
in wavelength maxima and band shapes. It means that the
interaction between the two subunits is weak in the ground
state, and they retain their individual identities.

It is seen from Figure 8B that for the triad
(ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh), fluorescence spectra
do show strong quenching of the dimer (ZnOEP),Ph
fluorescence (short wavelength bands), and the final emission
of the triad mainly consists of the extra-ligand fluorescence
bands (long wavelength ones). In toluene at 293 K, excitation
fluorescence spectra of the triad (Age>720 nm, the ligand
emission) clearly show the existence of absorption bands of
the dimer (549 nm and 587 nm). Correspondingly, it seems
reasonable to explain these facts by the singlet-singlet energy
migration (EM) Zn-dimer*— extra-ligand. The detailed
analysis of EM events for these triads shows!”*"” that EM
rate constants [kgv= (1/t5)(Ro™/ rpa)°] are in the range of
ken= (6.7-7.5)-10" s It means that the lifetime of the dimer
S, state should be in the range of 15—13 ps.

Nevertheless, the real dynamics of the electronic
energy deactivation in the given triad is not governed by
only one EM process. It follows from TCSPC
measurements (Figure 9A, Table 4) that in the triad, the
fluorescence of the extra-ligand H,P(m”"Pyr),-(iso-PrPh), is
reduced noticeably with respect to that for uncomplexed
porphyrin. Moreover, upon the solvent polarity rise
(addition of acetone to toluene solution) the decay time
shortening for the extra-ligand fluorescence becomes
stronger accompanied by a more pronounced decrease of its
fluorescence quantum yield. Figure 8C shows also that the
increase of the solvent polarity manifests itself into two
transformations of fluorescence excitation spectra of the
triads: i) the decrease of the extra-ligand whole fluores-
cence intensity, and i7) at 17 vol% of acetone admixture in
toluene the form of the excitation spectrum of the triad
changes becomes almost identical to that of the individual
extra-ligand H,P(m"Pyr),-(iso-PrPh),. This indicates that
the sensitisation effect due to EM Zn-dimer*— extra-ligand
is absent in the last case, though the usual through-space
singlet-singlet energy transfer in multiporphyrins arrays is
hardly dependent on solvent polarity.*'%!2%21 At the same
time, the dimer emission in the triad remains strongly
quenched upon the solvent polarity increase. These
observations for the extra-ligand in the triad can therefore
not be explained by EM processes to lower lying locally
excited states. Rather the possibilities of PET have to be
considered.

Experimental femtosecond pump-probe results for the
triad  (ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh), evidently
show (Figure 8B,C) the bleaching of the porphyrin extra-
ligand Q-bands at 515, 550 and 580 nm and the formation
of absorption band at 680 nm usually ascribed to the Zn-
porphyrin cation.>?**% So_ the formation of charge
transfer (CT) states is clearly detected. From the time
evolution of transients it is seen that the increase of the
extra-ligand ~ H,P(m"Pyr),-(iso-PrPh),  ground state
bleaching at 510 nm is observed after an immediate rise at
time zero. The decay was fitted with the time constant
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1.7£0.1 ps. These experimental findings may be considered distribution function (const + 1/(1+exp{AE/kT})), thus
as a real proof PET realization in the given triad being the giving the activation energy for PET as AE = 0.05 eV.
main relaxation process in polar media. It follows from the data collected in Table 4 and
For the triad (ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh),, calculations based on Equations 1-4, that the standard
the emission intensity of the extra-ligand is decreasing upon Gibbs energy AG"<0. Thus, according to Marcus theory,”!

the temperature lowering. In a temperature range of PET in the triad (ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh), is
160278 K this dependence was fitted to a Boltzman adiabatic and is realized in a “normal” region.
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Figure 7. Absorption (A), fluorescence (B, A.,=546 nm) spectra of the dimer (ZnOEP),Ph with increasing amounts of extra-ligand
H,P(m"Pyr),-(iso-PrPh),, as well corrected fluorescence excitation spectra of the triad (ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh), (C,
Aem=720 nm). A, B: Bold pink curves correspond to the triad spectra (structure A in Figure 4). C: Curves 2, 3, 4, 5, 6 correspond to the
sequential addition of 0, 3, 6, 9, 17 vol% of acetone (thin dashed lines, intensity decreases with increasing amount of acetone). Curve 7
presents the excitation spectrum of H,P(m"Pyr), alone in toluene at the same concentration as in the triad.
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Figure 9. Decay-associated spectra (L., = 546 nm) derived from global analysis of 12 TCSPC time-resolved fluorescence measurements
(A) and time evolution of transient absorbance of the triad (ZnOEP),Ph®H,P(m"Pyr),-(iso-PrPh), pumped at 555 nm and probed at 515
nm (B) and 680 nm (C) in toluene at 295 K. Optimized geometry of the triad was calculated using HyperChem software package, release
4, semiempirical method PM3.

Table 4. Structural and PET parameters for triad based on the dimer (ZnOEP),Ph and porphyrin extra-ligands (toluene, 295 K).

Triad type o A Ea eV ESH, eV 1o®™ ns  1g5, ns s, ns AG’, eV E(IP), eV
(ZnOEP),Ph®,Ph@H,P(m*Pyr), 8.8  -0.98 1.91 1.15 9.5 7.7 0.287 1.90
(ZnOEP),Ph®H,P(m"Pyr),-(5FPh), ~ 8.8  -0.98 1.91 1.15 9.4 0.02 0.287 1.75

Notes: Intercenter distances rps were estimated from optimised structures of the triads (Figure 4). The oxidation potential for coordinated
dimer (ZnOEP),Ph was taken to be Ep®*=0.63 V. 15,"™ is the measured fluorescence decay for an individual dimer in toluene+pyridine.
1o~ and 1" values are the fluorescence lifetimes for the individual extra-ligand and in the triad, correspondingly (based on TCSPC
measurements). The energy levels of the extra-ligand locally excited S; states E(S,") were determined on the basis of the corresponding
fluorescence and absorption Q(0,0) bands. The energetic parameters AGs and E(IP) were estimated according to approach described in
above presented Tables.
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On the other hand, for the triad (ZnOEP),Ph®
H,P(m"Pyr),-(5FPh), containing penta-fluorinated extra-
ligand (known as a strong electron acceptor®), the
obtained spectral and time-resolved results show
completely different behavior. The fluorescence excitation
spectrum in this case is identical to that of the pure
H,P(m"Pyr),-(5FPh), indicating that no fluorescence is
sensitized via (ZnOEP),Ph. From ambient temperature
down to 164 K no sensitized fluorescence of the extra-
ligand is observed. Time-resolved spectra of this triad
(presented in Figure 10) show the ground state bleaching of
the porphyrin Q-bands at 515, 550 and 580 nm (assigned to
the free base absorption) and a broad absorption at around
680 nm (usually ascribed to the Zn-porphyrin cation(®®).
The corresponding decay times were fitted with time
constant 0.7+0.1 ps. In addition, almost no change of the
bleaching signal of the dimer (at 550 and 580 nm) was
found which clearly indicates that the excited dimer does
not return to its ground state during this time. Therefore, it
does not transfer its energy to the extra-ligand
H,P(m"Pyr),-(5FPh), and the increased bleaching at 510
nm is attributed to production of the extra-ligand radical
anion. Summarizing we argue that in this triad, an
extremely fast PET process takes place on a time scale of
0.7 ps. Moreover, as there is no increase of free-base
fluorescence in the steady-state spectra upon lowering of
temperature down to 164 K one may conclude that this PET
is still effective at 164 K. Such low temperature PET is rare
phenomenon.

This PET process has to be compared to the one
observed in a similar system, " where a Zn-porphyrin is

covalently linked to a free base porphyrin with three penta-
fluorophenyl substituents, and PET is realized within 71 ps,
while the decay of the charge separated state is even faster
(8 ps™). In our case, PET takes place within a much shorter
time. We attribute this to much increased overlap of donor
and acceptor electronic wave functions as in this case the
fluorinated

dimer  (ZnOEP),Ph  and extra-ligand
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AOD

AOD

AOD
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H,P(m"Pyr),-(5FPh), are face to face with a short distance
between the porphyrin planes of approximately 3.5 A, while
in the covalently linked system.”® D and A are edge-to-
edge at large distance of approximately 14 A. The measured
transient times in our case for artificial system resembles
more those observed in bacterial photosynthesis of a few
100 fs to a few ps.””! These natural systems too do show
efficient charge transfer at low temperatures'”®! while only
few model systems with this property have been
described.”” We ascribe the high efficiency of PET at low
temperature to stabilization of the ZnP" radical cation by
the pyridyl ligands.

Finally, one may conclude that the deactivation of the
extra-ligand S, state in the triads I and II is complex,
depends on on redox properties of extra-ligands also and
governed by the competition of EM and PET processes
governed by polarity and temperature of surrounding in some
cases (see schematic energy level diagram in Figure 11).

Thus, the complex S; state dynamics results in a
noticeable tg shortening and fluorescence quantum yield ¢
decrease observed for extra-ligands in the triads I and II with
respect to those for individual porphyrin free bases. In fact,
the presented scheme explains the existence of stimulated
fluorescence of the extra-ligand in pure toluene at 293 K as a
result of simultaneous realisation of EM dimer*—Ligand,
PET and repopulation processes. In the triad I, the increase of
the solvent polarity (addition of acetone) leading to a charge
transfer (CT) state lowering manifests itself in the extra-
ligand fluorescence additional quenching and the absence of
sensitising effect. Because of fast competing charge transfer
processes in both triads, the direct intersystem crossing
S|~~>T in the extra-ligand subunit is probably low effective.
The population of the extra-ligand locally excited T, state
may take place from the upper lying triplet radical ion pair
state *(Dimer"... Lig 7) formed via the spin rephrasing (rate
constant k4, Figure 11) between the singlet and triplet radical
ion pairs.
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Figure 10. Time-resolved transient absorption spectra (A, Apump = 400 nm) and time evolution of the transient absorbance (B, Ayymp = 555
nm) for the (ZnOEP),Ph&®H,P(m"Pyr),-(5FPh), with fluorinated extra-ligand (structure II in Figure 4) in toluene at 293 K at various delay
times and the detection wavelength. Structure of the triad was optimized on the basis of HyperChem software package, release 4,

semiempirical method PM3).
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Figure 11. Schematic energy level diagram for low-lying locally
excited singlet states of the dimer (ZnOEP),Ph {S,(Dimer*...H,P)},
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Indicated are rate constants of the following pathways: ki,
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ks, S-S energy migration (ZnOEP),Ph—Lig; ks, PET (ZnOEP),Ph
—Lig leading to the singlet radical ion pair state formation; k;,
photoinduced hole transfer Lig — (ZnOEP),Ph leading to the
singlet radical ion pair state formation; kg, thermally activated
charge recombination from the singlet radical ion pair state to the
extra-ligand locally excited singlet state; ks4, spin rephasing
between the singlet and triplet radical ion pairs; kg, charge
recombination from the triplet state of the radical ion pair to the
locally excited triplet state of the extra-ligand,; ko, charge
recombination from the singlet state of the radical ion pair to the
ground state; k;;, non-radiative intersystem crossing T;~~>S,
from the extra-ligand locally excited state to the ground state.

800

B: triad with Pim

600

400

200

450 500 550 600
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Figure 12. Fluorescence excitation spectra (A, =720 nm) of the triads (ZnOEP),Ph-Q®H,P(m"Pyr),-(iso-PrPh), (A), and (ZnOEP),Ph-
Pim®H,P(m"Pyr),-(iso-PrPh), (B) upon increase of the solvent polarity at 295 K. A: pure toluene (1), + 3 vol% (2), and + 9 vol% of
acetone. B: pure toluene (1) and + 9 vol% of acetonitrile (2); fluorescence excitation spectra of individual extra-ligand (3) and the dimer

(ZnOEP),Ph-Q (4, multiplited by 10) in toluene.

4. Long-distant superexchange photoinduced electron
transfer in self-assembled porphyrin triads with
covalently linked electron acceptors

On the basis of above presented results and for the
discussion here, we selected two distance-fixed systems,
(ZnOEP),Ph-Q and ZnOEP),Ph-Pim with effective PET
clear dynamics that were taken as the corresponding
molecular blocks upon the triads formation with partici-
pation of the non-fluorinated extra-ligand: (ZnOEP),Ph-Q®
H,P(m"Pyr),-(iso-PrPh), and (ZnOEP),Ph-Pim®
H,P(m"Pyr),-(iso-PrPh), (Figure 4, structures III and IV).
Like in previous cases,*'®'"*] the interaction between
triad subunits is weak in the ground state, and absorption
spectra of the components retain their individual properties.
Our previous results’? show that for the triads III and IV,
fluorescence spectra mainly consist of the free-base extra-
ligand fluorescence bands. This important observation
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implies that the initial fluorescence of these triads being
strongly quenched due to PET process from the dimer to Q
or Pim (see Section 2), does show a remarkable additional
quenching upon the triad III and IV formation in toluene at
293 K. The second found feature of the triads III and IV is
that the fluorescence quantum efficiency (@) of the
attached extra-ligand H,P(m"Pyr),-(iso-PrPh), is smaller
with respect to that for the same extra-ligand in the
corresponding triads without acceptors (see Section 3) in
toluene at 293 K. The decrease of ¢p values is more
pronounced for Q-containing triad III with respect to that
for Pim-containing triad I'V.

For the triad III (ZnOEP),Ph-Q®H,P(m"Pyr),-(iso-
PrPh), in toluene at 295 K, the fluorescence excitation
spectrum is almost identical to that for the individual extra-
ligand H,P(m"Pyr),-(iso-PrPh), and does not change in
shape practically upon the solvent polarity rise (Figure
12A). Moreover, upon the solvent polarity rise the addi-
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tional quenching of the extra-ligand fluorescence is
observed, while the dimer emission in this triad remains
strongly quenched. The observed experimental features for
Q-containing triad may be considered as evidence that the
EM process Zn-dimer*—extra-ligand is low probable
compared to other non-radiative pathways. In fact, the same
tendencies are observed for the triad (ZnOEP),Ph-Pim®
H,P(m"Pyr),-(iso-PrPh), but the influence of the solvent
polarity is more pronounced in the latter case (Figure 12B) as
far as Pim is less efficient electron acceptor compared to Q.
TCSPC time-resolved fluorescence measurements for
triads III and IV support a strong shortening of the extra-
ligand excited S; state (Figure 13, Table 5). Figure 13A
shows that in the Q-containing triad III, the S; state
deactivation of the ligand H,P(m"Pyr),-(iso-PrPh), takes
place with 15-=0.94 ns, while for the same triad without
quinine Tso"=6.2 ns (Table 5) being shorter than 15y = 9.5 ns
measured  for  individual = H,P(m"Pyr),-(iso-PrPh),
molecules (Table 4). As was mentioned in Section 3, the
observed shortening of fluorescence decays detected for the
extra-ligand in the acceptor-free triad (structure I, Figure 4)

E. 1. Zenkevich, Ch. von Borczyskowski

was attributed to a photoinduced hole transfer from the
extra-ligand to the dimer (rate constant kg, Figure 11). In
addition, femtosecond pump-probe data also show that the
non-radiative relaxation processes for both the dimer and
extra-ligand S; states are faster in Q- and Pim-containing
triads with respect to those found for acceptor-free triads. In
fact, presented TCSPC data reflect the final steps of the
electronic energy excitation dynamics in triads III and I'V.

The experimental kinetic data and comparative
parameters of the energy relaxation processes in triads III
and IV are collected in Table 5.

We now like to discuss possible non-radiative
relaxation pathways which might cause the observed
shortening of the dimer and the extra-ligand locally excited
S, states in triads (ZnOEP),Ph-Q®H,P(m"Pyr),-(iso-PrPh),
and (ZnOEP),Ph-Pim®H,P(m"Pyr),-(iso-PrPh), in toluene
at 295 K, using schematic energy level diagram presented
in Figure 14 as well as comparative results obtained for the
corresponding triads without electron acceptors (Table 4,
Figure 11) as well for the dimers (ZnOEP),Ph-A with
covalently linked Q and Pim (Table 3).
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Figure 13. Decay-associated spectra of the triad (ZnOEP),Ph-Q®H,P(m"Pyr),-(iso-PrPh), (A) and time evolution of the transient
absorbance for the triad (ZnOEP),Ph-Pim®H,P(m"Pyr),-(iso-PrPh), (B) in toluene at 295 K. A: A, = 546 nm, global analysis of 12
TCSPC time-resolved fluorescence measurements. B: Apym,=555 nm, A4,=515 nm. Two-exponential fit I(t) = -exp(-t) + A,-exp(-t/1,) +5(t)
gives 1;=0.9 ps (A;=0.029) and 1,=5.4 ps (A,= 0.015). Structure of the triad was optimized on the basis of HyperChem software package,
release 4, semiempirical method PM3).

Table 5. Measured and estimated parameters for superexchange PET in triads with electron acceptors (toluene, 293 K).

D
Triad E(S\I/. ), s, A o A Ep™ eV Eptga eV Tsohns Tsns kppr o107 s

(ZnOEP),Ph-Q®H,P(m"Pyr),-(is0-PrPh), 191 82 180  1.10 3.08 62 094 9.0

(ZnOEP),Ph-Pim®H,P(mPyr),-(iso-PrPh), 191 9.1 242 110 3.08 77 267 25

Notes: The energies of the extra-ligand locally excited S, state E(S,”) was determined using fluorescence and absorption spectra.
Intercenter distances rpg (donor-bridge) and rp, (donor-acceptor) were estimated from optimised structures of the triads. rp = rg 5.5 A,
acceptor radii were taken to be ry =3.5 A (Pim)****! and r, =3.3 A (Q)!**\. Oxidation potentials for extra-ligands Ep°* have been extracted
from literature data.®*®!] The reduction potential for the coordinated dimer (ZnOEP),Ph E5™® = —1.69 V.I* The energy of mediating
bridge level in toluene was estimated by Eptga = e(Ep™ — E A'ed) + AGj (see Notes to Table 3). tg,” values correspond to the extra-ligand

fluorescence decay measured in triad I without electron acceptors. ts° values were attributed to the complexed extra-ligand according to
decay-associated spectra from TCSPC data. ‘Rate constants kpgy for bridge-mediated PET were calculated by kppr= (D) = (ts0) .
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It follows from the obtained results that the dimer
locally excited S; state (Lig...lDimer...A) may be
deactivated as a result of three competing non-radiative
processes:

(f) one-step PET
(Lig.! Dimef..A)— Lig.Dimet..A7):

(ii) one-step PET
(Lig..' Dimer’...A)—*—(Lig"...Dimer"...A);

(iii) singlet-singlet energy migration
(Lig...| Dimer * ..A)—<5 (! Lig*...Dimer...A).

According to data discussed in Section 3 for the triads
I and II, the direct one-step PET (Lig...lDimer*...A) -
(Lig... Dimer"...A") is low probable compared to faster
processes (if) and (iif) in triads III and IV having covalently
linked Q or Pim. Nevertheless, the cooperative action of all
three processes leads to the strong quenching of the dimer
ts values in triads III and IV. Upon the solvent polarity
increase, leading to CT state (Lig... Dimer ...A)
loweringm’zs] the process (if) becomes to be dominant.

Notably, as we specifically mentioned above, in the
triads containing Q and Pim, the shortening of S; states for
the extra-ligand H,P(m"Pyr),-(iso-PrPh), is stronger
essentially compared to that found for acceptor-free triad
(e.g. 15" = 7.7 ns in triad I, while 15" =0.94 ns in triad 110).
Clearly, one may consider that, once formed, the locally
excited S; state of the extra-ligand in triads III and IV may
decay via two non-radiative processes:

() photoinduced hole transfer
('Lig*... Dimer...A)—_5(Lig"..Dimer*...A) ;

(Lig*...Dimer "...A)

CT

|D1§|’A>

s, (Lig..."Dimer*...A)
)

|D’BA}

Ks

S
S
-

11 iq* i
('Lig ...Dlmer...A)-/,,%!ST (Lig"...'"Dimer"...A)

Si R '

Ko ||

CT CTy

k1 X

k2 k1o

So

Superexchange
PET

= & |\ (Lig*...Dimer...A")

\ (Lig...Dimer"...AY)

k12

(if) bridge-mediated
PETL7:82:86]

long-distance superexchange

k sup erexchange

(1 Lig"...Dimer...A) —RIXNL (T jo* | Dimer.. A7),

where bridge is the dimer (ZnOEP),Ph.

As has been outlined in detail,***" the relatively rare
realized superexchange PET occurs due to coherent mixing
of three or more states of the system. Like it has been
discussed for Q-containing porphyrin triads,® in our case
these states are as follows (Figure 14): |D*BA)
corresponds to ('Lig ...Dimer...A) state, |D'B'A) presents
(Lig".. Dimer...A) state, and |D'BA’) corresponds to
(Lig".. Dimer...A") state. Distant electron donor and
acceptor can exchange their charges through the bridge, that
is a high-lying "spectator" state | D'B'A) mediates the
electron transfer from a donor state |D*BA) to CT state
|D'BA”). Within the superexchange model the charge
separation rate kg is proportional to (Vi,-V,3 / 8E), where
V1, and V,;3 correspond to the electronic coupling terms for
PET processes | D*BA)—| D'B'A) and | D'B'A)—»/ D'BA),
respectively, and OF is the energy difference of mediating
bridge level |D'B'A) (presented in Table 5) and the
crossing point of the potential energy curves of | D¥*BA)
and | D'BA") along the reaction co-ordinate. The values of
the couplings V|, and V,; are essentially lower than the
energy differences between the relevant system states.

Finally, the decrease of the extra-ligand fluorescence
quantum efficiency upon the solvent polarity increase,
found for triads III and IV, reflects the PET rate increase in
this case. According to [86] an increase in the solvent die-
lectric constant lowers the energies of the bridge | D'BA)
and acceptor ID'BA") states and increases the system-bath
interaction and, consequently, the relaxation coefficients.
The independence of superexchange PET rates on temper-
ature in this case could be explained®™*" by a small tem-
perature dependence of the Franck-Condon factor for PET.

Figure 14. Schematic energy level diagram of
excited states for triads III and IV containing
electron acceptors Q or Pim. Indicated are rate
constants of the following pathways: ki,
fluorescence and non-radiative decay of the
dimer (ZnOEP),Ph; k,, fluorescence and non-
radiative decay of the extra-ligand
H,P(m"Pyr),-(iso-PrPh), (low effective
intersystem crossing S;~~>Tj is not shown); ks,
singlet-singlet EM (ZnOEP),Ph — extra-ligand;
k¢, photoinduced PET (ZnOEP),Ph ~~> extra-
ligand leading to the singlet radical ion pair
state CT formation; k;, photoinduced hole
transfer from the extra-ligand to the dimer
leading to the singlet radical ion pair state
formation; kg, thermally activated charge
recombination from the singlet radical ion pair
state to the extra-ligand locally excited singlet
state; ko, charge recombination from the triplet
state of the radical ion pair to the locally excited
triplet state of the extra-ligand; ko, charge
recombination from the singlet state of the

K11

(Lig...Dimer...A)
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radical ion pair to the ground state; k;;, non-
radiative intersystem crossing T{~~>S, from
the extra-ligand locally excited state to the
ground state.
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Conclusions

In summary, we showed that the combination of the
modern fs/ps time-resolved spectroscopic approach and
theoretical modelling gives a deeper insight into the
complexity and efficiency of the photoinduced electron
transfer among other pathways of the non-radiative
relaxation of excited states in multicomponent nano-
assemblies containing porphyrin macrocycles. Some basic
and relatively rare PET events were observed and analyzed
using theoretical calculations.

We have found that both S; and T, states of meso-
nitro-phenyl octaethylporphyrins and their chemical dimers
are quenched relative to the corresponding states of the
parent compounds without nitro groups. The direct PET
processes are responsible for the observed fluorescence
quenching, and PET rate constants are in a reasonable
agreement with the predictions of Marcus theory. The
population of the locally excited low-lying T, state may
take place from the upper-lying triplet or singlet CT states.
With respect to other nitroporphyrins, our results
demonstrate clearly that steric hindrance effects and the
nature of the linkage between D and A influence essentially
on the efficiency and the mechanism of PET. For the meso-
nitrophenyl substituted dimer OEP-Ph-OEP-Ph(0-NO,), the
competition between PET and energy migration manifests
itself in PET reduced rate constant relative to that for the
corresponding monomer OEP-Ph(0-NO,).

For the meso-phenyl coupled chemical dimer
(ZnOEP),Ph containing the electron acceptor (para-
benzoquinone) covalently linked via meso-phenyl ring to
the porphyrin macrocycle, PET rate constant is smaller
essentially compared to that found for monomeric ZnP-Q
compounds with the same geometry. The reason of that is
explained by the competition between the non-radiative
energy migration among dimer subunits and PET to
quinone from one half of the dimer.

In the case of the self-assembled triad (ZnOEP),Ph®
H,P(m"Pyr),-(iso-PrPh), it was evidently shown that the
fluorescence of the dimer (ZnOEP),Ph is quenched by two
competing processes, namely PET and energy migration to
the extra-ligand. PET realization becomes the main
relaxation process upon the solvent polarity rise. In the triad
containing the fluorinated free base porphyrin (a strong
electron acceptor) the charge transfer state is considerably
lower in energy than the excited states of the dimer and
ligand, thus the efficient PET faster than 1 ps occurs. This
PET cannot be slowed down remarkably at low temperature
(T=164 K), thus mimicking low temperature PET in
natural photosystems. In both triads the decay to the
ground state is realized via the free base triplet state
population.

The above results provided a good background for the
investigation of the relaxation dynamics in self-assembled
porphyrin triads, containing the main biomimetic
components, Zn-porphyrin dimer, porphyrin free base and
electron acceptor (quinone or pyromellitimide). A strong
quenching of the dimer S; state in these triads originates
from both energy and sequential PET processes from the
dimer to the extra-ligand which are faster with respect to a
slower PET from the dimer to covalently linked acceptors
(Q or Pim). A non-radiative deactivation of the extra-ligand
S, state (in a picosecond time scale) is due to competing
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processes, long-range superexchange ET to acceptor,
mediated by a bridge (the dimer), and photoinduced hole
transfer from the extra-ligand to the dimer. The subsequent
PET steps dimer—monomer—4 taking place in the triads,
mimics the sequence of primary electron transfer reactions
in natural photosynthetic reaction centers.

The issues raised herein seem to be of interest in
research concerning the development and studies of
synthetic multiporphyrin arrays modelling light-harvesting
and charge-transfer phenomena in vivo as well as for the
rational design and application of multimolecular devices
for nanophotonics and nanoelectronics.
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