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Abstract—Based on the extra-ligand addition effect, the principles of targeted self-assembly of nanosized mul-
tiporphyrin complexes of various types with controllable geometry and composition (up to 8 tetrapyrroles) and
heterogeneous composites based on trioctyl phosphine oxide-stabilized CdSe/ZnS semiconductor nanocrystals
and organic compounds were devel oped. The dynamics and mechanisms of energy and charge transfer (includ-
ing electron tunneling) in such systemswere studied by continuous, picosecond fluorescence (A4, = 30 ps), and
femtosecond transient (A4, = 120 fs) spectroscopy with varying the quantitative and qualitative constitution of
the composites, the temperature, and the polarity of the medium.
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It is commonly accepted that nanotechnology is a
combination of processes that make it possibleto fabri-
cate and to study devices and materials on the atomic,
molecular, or macromolecular scae with a size of
<100 nm and substantially different properties as com-
pared to larger entities. The principa property of nano-
structures is the specific size dependence of their phys-
icochemical characteristics

Considerable progress in the development of func-
tional nanoassemblies based on the bottom-up strategy
[1] has been made over thelast decade in both basic and
applied aspects. The implementation of this strategy is
based on (1) the principles of supramolecular chemis-
try; i.e., self-assembly of organic moleculesinto struc-
turally organized entities[2]; (2) methods of organome-
tallic synthesis of semiconductor nanocrystals of vari-
ous dimensions and structures [3]; and (3) the
formation of inanocrystal—organic ligandi heteroge-
neous composites using various techniques [4, 5].

In this paper, we summarize the latest results [4, 6—
10] of the Belarusian—German cooperation in the field
of the target formation of self-assembling, structurally
organized, multicomponent organic and inorganic
nanosized complexes with effective energy and/or
charge transfer and investigation of their photophysics
and photochemistry.

EXPERIMENTAL

The target formation of multiporphyrin complexes
is based on the simultaneous use of both covalent bind-
ing (synthesis of chemical dimers and trimers of zinc
octaethylporphyrins with the meso-phenyl spacer) and
noncovalent self-assembling via the two-site coordina
tion of the dimers and trimers to ligand molecules
(meso-substituted porphyrins and chlorins) by the key—
lock mechanism [6-8] (Fig. 1, structures|-V). The sur-
face of CdSe/ZnS semiconductor nanocrystals of vari-
ous dimensions (core diameter deys. = 2.1-5.2 nm con-
taining two ZnS monolayers with a total thickness of

Fig. 1. Optimized (HyperChem, release 4.0, semiempirical PM3 method) structures of self-assembling multiporphyrin complexes,
based on chemical dimers (ZnOEP),Ph or trimers (ZnOEP)3Ph, of zinc octaethylporhyrin and pyrydyl-substituted tetrapyrrole
extra-ligands (I-V), and composites made from trioctyl phosphine oxide-stabilized CdSe/ZnS semiconductor nanocrystals and por-
phyrin macrocycles (VI1, VII). The B-ethyl substituent in the dimer (ZnOEP),Ph and trimer (ZnOEP)3Ph, are not shown. The sym-
bol ® denote the subunits involved in the complexes. The sizes of the porphyrin and TOPO molecules, CdSe core, and ZnS mono-

layers are given on the actual relative scale.
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II: (ZnOEP),®H,P(m"Pyr),(5F-Ph),

HIGH ENERGY CHEMISTRY  Vol. 43 No.7 2009



572

Absorbance
20
(a)
Triad
\
1.5
1.0 -
05

0 1 1 ax
300 400 500 600 700
Wavelength, nm
Intensity, arb. units
B —A—"77 ns
8 © A
6 \A
4+ \
'y
2k A
0 Ad—h—A—A” | L
600 650 700 A, nm

ZENKEVICH, BORCZY SKOWSKI

Fluorescence, arb. units

gk Dimer (b)
6 -
4 -
2 -
! ! 1 s
550 600 650 700 750
Wavelength, nm
AA x 100
(d)
3 rec = 600 nm

—

Time, ps

Fig. 2. Changesin the spectral—kinetic parameters of interacting subunits upon the formation of triads (toluene, 295 K): (a) absorp-
tion and (b) fluorescence (Ag = 546 Nm) spectra of the dimer (ZnOEP),Ph during the titration with the extra-ligand H,P(m-Pyr),;
(c) the amplitude distribution of the decay time for the extra-ligand in the triad (ZnOEP),Ph@H,P(m*Pyr), as found by global fit
analysis of the results of 12 correl ated-photon-counting measurements; and (d) the femtosecond kinetics of induced absorption of
the (ZnOEP) ,Ph@HP(m"Pyr) ,—~(5F-Ph), triad with the pentafl uorinated extra-ligand.

1 nm stabilized by trioctylphosphine oxide (TOPO)!
was passivated with molecules of pyridyl-substituted
porphyrin ligands by employing the two-site binding
effects as well [6-8] (Fig. 1, structures VI, VII). The
comprehensive procedures for the synthesis of tetrapy-
rrole compounds and the experimental procedure for
the formation of multiporphyrin complexes (more than
80 types) and “nanocrystal—porphyrin” nanocompos-
ites (more than 20) are based on the titration experi-
mentsand are detailedin[4, 6-10], aswell asthe equip-

1TOPO was available from Evident Technologies Inc., Troy, NY,
USA.

ment used and the measurement errors. The pathways,
mechanisms, and dynamics of relaxation processes in
the complexes in question were studied by continuous,
picosecond fluorescence (A, = 30 ps), and femtosec-
ond transient (Ay, = 120 fs) spectroscopy.

RESULTS AND DISCUSSION

Porphyrin triads (Fig. 1; structures I, I1). In the
ground S, state, interaction between the componentsin
triads | and Il is weak and their absorption spectra
retain theindividual character (Fig. 2a). Upon photoex-
citation of triad I, the quenching of the excited S, state
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of the dimer (ZnOEP),Ph (Fig. 2b) isdueto S-Senergy
transfer (ET) by the Forster mechanism and the
“dimer — ligand” photoinduced electron transfer
(PIET) over atime of ~0.9 ps;, competition between
these pathwaysis controlled by varying the polarity and
temperature of the solvent. For the same triad, it was
found that the lifetime of the S, state of the ligand
noticeably shortened (from 9.3 to 7.7 ns, Fig. 2c),
which is associated with photoinduced hole transfer
“ligand — dimer” [6]. The dynamics of charge trans-
fer (coherent and incoherent) in such complexes is
described by the reduced density matrix method in
terms of the Marcus model [7].

The femtosecond absorption study of triad 11, which
have the same structure as | with the only difference
that it contains a pentafluorinated extra-ligand (strong
el ectron acceptor), has shown that the effective quench-
ing of the excited S, states of both the dimer and the
extrarligand is due to fast dimer — ligand photoin-
duced €electron transfer (PIET) over a time of 700 £
100fs (Fig. 2d). As a result, the low-lying
[dimer*...ligand™] charge-transfer state is populated. It
isessential that thiselectron transfer intriad |1 remains
quite effectiveinrigid solutions at 77—120 K (the same
situation is known for the reaction centers of in vivo
photosynthesizing bacteria). Charge recombination in
triad 11 is accompanied by population of the T, state
of the extra-ligand (11 = 6.4 us) with a high quantum
yield [7].

Porphyrin tetrads containing covalently bound
electron acceptors (benzoquinone (Q), pyromellitim-
ide (PIm)) (Fig. 1, structurel11). As compared to triads
A, the luminescence of both the dimer and theligand in
the tetrads is quenched to a greater extent. The radia-
tionless deactivation of the S, state of the dimer
(ZnOEP),Ph is due to PIET onto the extra-ligand
(~0.9-1.7 ps), with the processes being much faster the
“dimer — Q, PIm” photoinduced electron transfer
(34-135 ps, toluene, 295 K). The unusually rapid deac-
tivation of the S; state of the extra-ligand (from 1, =
7.7 ns to 15 =0.94-2.6 ns) in the tetrads is associated
with two competing processes, the long-range (rpp =
18-24 A) “ligand — Q, PIm” photoinduced electron
transfer via the superexchange mechanism and the
ligand — dimer photoinduced hole transfer followed
by the superexchange processes of PIET onto low-lying
CT levels[6, 10].

Pentad with CuP(m-Pyr), extra-ligand (Fig. 1
structure 1V). Based on the spectral—kinetic and tem-
perature data (Fig. 3a), we have shown [7] that several
physicochemical processes are responsible for the
effective quenching of the pentad (Fig. 3b): (a) ther-
mally activated S-S energy transfer fromthe S, level of
the dimer to the nonfluorescing sing-doublet 2S; level
of the CuP(m-Pyr), molecule (AE = -580 cm™),
(b) photoinduced el ectron transfer formation of the CT

state [(ZnOEP),Ph*...CuP(m-Pyr),], and (c) an
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increase in the probability of nonradiative intersystem
crossing in the pentad components owing to d—rx
exchange interactions of the unpaired d electron of the
central atom Cu(ll) with the rt-conjugated tetrapyrrole
macrocycles of two dimersand the extra-ligand. At T <
150 K, fluorescence quenching of the dimer isin most
part the manifestation of the d—r effects.

Finlay, it should be noted that the self-assembly of
multiporphyrin entities containing up to eight tetrapyr-
role macrocycles was realized on the basis of the
covalently bound trimers (ZnOEP)4Ph, (Fig. 1, struc-
ture V) [8]. We have experimentally and theoretically
substantiated that there is competition between the
energy transfer and photoinduced electron transfer pro-
cesses in such complexes and this competition can be
controlled by varying the spectral and redox properties
of interacting chromophores, their binding sites in the
assembly, and the polarity and temperature of the
medium.

“Semiconductor CdSe/ZnS nanaocr ystal—por phy-
rin” nanocomposites (Fig.1; structures VI, VII). The
formation of the heterogeneous inanocrystal—porphy-
rini nanocomposites with a variable composition is
manifested in the luminescence quenching of the
nanocrystals (intensity decline and a rise of the short-
lived components in the nonexponential decay kinet-
ics), but it does not lead to fluorescence quenching of
the attached porphyrin monomers (Fig. 4)) [4]. In [9],
we have shown that the ligand-induced luminescence
guenching of nanocrystals can be due to a process other
than ET and PIET in character. This quenching depends
on the size of the nanocrystals (Fig. 4d). It is caused by
the inductive and mesomeric effectsin the nanocrystal—
porphyrin nanocomposites and is associated (in the
guantum-mechanical model) with nonzero values of
the exciton wave functions of the both core (CdSe) and
shell (ZnS). The porphyrin ligand can form specific
local surface trapping states occurring in the band gap
of the nanocrystal. For the CdSe/ZnS nanocrystals with
different core diameters dqys. and two ZnS monolayers,
the experimental values of the probability k; of nanoc-
rystal luminescence quenching by the H,P(m-Pyr),
porphyrin (as found from the Stern—Volmer quenching
constants K(x) agree well with the theoretical calcu-
lated trend of the square radial wave function y(r) of
1selectron (1S;,-1S,) (solution of Schrodingeris equa
tion for a spherical nanocrystal) (Fig. 5) [9]. In fact,
such a dependence of nanocrystal luminescence
guenching induced by one porphyrin molecule reflects
the process of electron tunneling through the ZnS bar-
rier onto the nanocrystal interfacial layer on the bound-
ary with the surroundings. In this respect, single
organic molecules bearing anchoring functional groups
can be considered specific probes for investigation of
complex physicochemical phenomena at the interface
in semiconductor nanocrystals [11].

In conclusion, it should be pointed out that we have
used this methodology for the formation and investiga-
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Fig. 3. (a) Fluorescence spectra at different temperatures (Ao, = 542 nm) and(b) the scheme of relaxation processes in the pentad
2[(ZnOEP),Ph]@CuP(m-Pyr),. (8) (1) 300 K (Ana = 590 nmis dueto the residual uncomplexed dimer), (2) 2120, (3) 190, (4) 165,
and (5) 150 K. At T< 210 K, luminescence at A5 = 599 nmisthefl uorescence of the dimer 5ZnOEP)2Ph in the pentad composi-
tion. (b) k; and k, are the probabllltles of intersystem crossings 281 ~—~> Tl and Tl ~~> “8, respectively, in the extra ligand,
ks, ks, K SC, and k- are the probabilities of fluorescence S; — S, phosphorescence Tl — &, and intersystem crossings
S; ~~>T,and Tl ~~> S, in the dimer, respectively; and ket and kg et are the of energy transfer and electron transfer probabil-
ities, respectively.
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tion of the properties of nanocomposites based on
CdSe/ZnS nanocrystals capped with porphyrin triads
(Fig. 1, VII) [10].
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