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The femtosecond dynamics of photoinduced electron transfers in supramolecular donor–acceptor complexes between (E)-bis(18-crown-6)stilbene (D) and tetraperchlorates of 2,7-di(2-ammonioethyl)(2,7-diazapyrenium) (A1), 3,3’-(E)-ethene-1,2-diylbis[1-(3-ammoniopropyl)pyridinium] (A2) and 4,4’-ethаne-1,2diylbis[1-(3-ammoniopropyl)pyridinium] (A3) was studied. The acceptors A2 and A3 are weak electron
acceptors whose ﬁrst reduction potentials are equal to −1.0 and −1.2 V (Ag), respectively, while A1 is a
strong acceptor with a reduction potential of −0.42 V. It was shown that the back electron transfer time in
CT-states of the complexes D·A2 and D·A3 is 30–40 ps, which is approximately 50 times greater than the
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analogous time for the charge transfer complexes studied earlier. The complex D·A1 is characterized by
ultrafast back electron transfer (770 fs). The relaxation pathway of excited states of D·A1 depends on the
wavelength of the excitation light. When excited at 356 nm, the accumulation of a transient locally excited
(LE) state with a 250 fs lifetime was observed. But when excited at 425 nm, the formation of the LE-state
was not observed.

Introduction
Weakly bound donor–acceptor systems, in which organic or
metal complexes of a donor and an acceptor are spatially separated by isolating saturated chemical bonds, play an important role in optic molecular sensors,1 photo- and redox
switches and molecular machines,2,3 photo-galvanic elements,2,4
photo-activated catalysts,5 artificial photosynthesis,6,7 the
detection of DNA damage, and DNA protection from photodegradation.8,9 Donor and acceptor fragments can be covalently bound by means of an oligomeric chain10–13 or as a
component of supramolecular complexes,3,14–20 in particular,
by intercalating into DNA.21–23
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When the overlap of donor and acceptor electron density,
determined by the distance between molecules and their
mutual orientation, is suﬃcient enough, the complexes are
colored due to the CT-bands in the visible part of the
spectrum.4,14,17,18,20 Otherwise, the CT-bands may be absent
but their eﬀects are manifested in the NMR spectra,24–26 circular dichroism,27 and cyclic voltammograms.26
The most important feature of weakly bound donor–
acceptor systems is their ability to perform photoinduced
energy and electron transfers at long distances.8,10,11,21,23,27
The process of photoinduced electron transfer is important
for solar energy utilization because it leads to the separation of
charges and the formation of reactive ion-radicals. The
forward electron transfer reaction should occur quickly and
with high quantum yield, while the back electron transfer reaction should occur as slowly as possible. By varying the donor,
acceptor and separating spacer, one may obtain recombination
times of several picoseconds,23 nanoseconds,11,13 microseconds27 or milliseconds.21 When assembling donor–acceptor
molecules into monolayers or thin films, the lifetime of ionradical pairs may amount to minutes20 or hours.4
Supramolecular donor–acceptor complexes involving bis
(crown)stilbene and viologen analogues with terminal
N-ammonioalkyl groups are interesting objects for research
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due to their high thermodynamic stability and potential fluorescent molecular sensing of inorganic cations and some
organic cations.28–37
Previously, by diﬀerential femtosecond absorption spectroscopy, we studied ultrafast photoinduced electron transfer
in complexes between the donor (E)-bis(18-crown-6)stilbene
(D) and the acceptors of a series of 1,1′-bis(ammonioalkyl)4,4′-bipyridinium (A4, A5)38,39 and 4,4′-(E)-ethene-1,2-diylbis[1(ammonioalkyl)pyridinium] (A6, A7).32,40,41 The characteristic
time of back electron transfer in MeCN for the complexes in a
1 : 1 ratio with 2-ammonioethyl N-substituent (D·A4, D·A6) was
about 400 fs. The analogous time for the complexes with
3-ammoniopropyl N-substituent (D·A5, D·A7) was about 500 fs.
The absorption spectra of these complexes exhibits a distinguishable wide CT-band (ε = 200–400 M−1 cm−1) with a
maximum at 500–550 nm.
The purpose of the present work is to study the spectralluminescence properties and the dynamics of the excited
states of supramolecular charge transfer complexes, which are
formed by weak electron acceptors. We used new acceptor
compounds, namely, tetraperchlorates of 2,7-di(2-ammonioethyl)(2,7-diazapyrenium) (A1), 3,3′-(E)-ethene-1,2-diylbis[1(3-ammoniopropyl)pyridinium] (A2), and 4,4′-ethаne-1,2diylbis[1-(3-ammoniopropyl)pyridinium] (A3). The compounds
A2 and A3 are weak electron acceptors, whose first reduction
potentials (−0.94 V and −1.17 V relative to the saturated silver
chloride electrode, respectively)30 are significantly lower than
the reduction potentials of earlier studied homologues A4, A5
(−0.4 V)37 and A6, A7 (−0.5 V).30
It is known that the electronic spectra of pyrene and other
condensed hydrocarbons have a pronounced vibrational
structure.42,43 Therefore, one can expect that the study of N,N′substituted 2,7-diazapyrenium (A1) will provide additional
information about the eﬀects the structure of these compounds have on the dynamics of photoinduced electron
transfer.

Results and discussion
Steady-state spectroscopy
Fig. 1 shows absorption spectra of compounds D, A1, A2, and
A3, of the complexes D·A1, D·A2, D·A3, and, partially, D·A1·D
(inset I), as well as the longwave part of the spectra of the complexes in 1 : 1 and 2 : 1 ratios (inset II). Normalized fluorescence spectra of D, A1, A2 and A3 are shown as dashed
lines. The shortwave part of the absorption spectra of the complexes in 2 : 1 ratios is not shown because they require a great
excess of the donor D, which has its own absorption in that
region. The complex formation of D with A1, A2, and A3 leads
to a small hypsochromic shift of the D absorption maximum
and to a small bathochromic shift of the first A1 absorption
maximum (Table 1).
In the case of bipyridyl derivatives (A4, A5) and dipyridylethylene derivatives (A6, A7),32,38–41 a weak absorption of CTbands is observed. At the same time, in all cases except for
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D·A1·D, CT-bands manifest themselves as a weak shoulder to
the main absorption bands. For this reason, we used Gaussian
deconvolution of the CT-bands to obtain their characteristics
(Table 2).
By comparing the data from Table 2 with those from prior
work,39 one notices a hypsochromic shift of the CT-band
maxima of D·A1 and D·A1·D towards the CT-band maxima of
the complexes D·A4 and D·A4·D by 3 nm and 43 nm, respectively. Similarly, the hypsochromic shift of the CT-band
maxima of D·A2 and D·A2·D towards the CT-band maxima of
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whose pyridinium rings are connected by the dimethylene
bridge.
The interaction of the biscrown-ether D with an acceptor A
(where A may be A1, A2 or A3) consecutively leads to the formation of the complexes in 1 : 1 (D·A) and 2 : 1 (D·A·D) ratios.
K1

ð1Þ

K2

ð2Þ

D þ A

!
D  A
D  A þ D

!
D  A  D

Fig. 1 Absorption spectra (solid lines) and ﬂuorescence spectra (dash
lines) of the compounds D, A1, A2 and A3 in MeCN. Inset I: Absorption
spectra of the complexes D·A1, D·A2, D·A3 and the fragment of D·A1·D
absorption spectrum in MeCN. Inset II: CT-bands in the absorption
spectra of the complexes 1 : 1 and 2 : 1.

Table 1 Wavelength of the ﬁrst absorption maximum λabs, molar
absorption coeﬃcient ε at maximum, wavelength of ﬂuorescence
maximum λﬂ, and ﬂuorescence quantum yield φ of the compounds D,
A1, A2, and A3 and some of their complexes in MeCN

D
A1
A2
A3
D·A1
D·A1·D
D·A2
D·A3

λabs, nm

ε, M−1 cm−1

λfl, nm

φ

336
423
283
256
425
427
320
334

37 500
14 000
24 000
7800
8200
6100
41 500
36 500

386
434
389
295
—a
—a
—a
381

0.39
0.31
0.26
<0.001

Fig. 2 shows changes in the longwave part of the A1 absorption spectrum as D is added. When relative donor concentration CD is less than unity, a monotonous increase in the
absorption at 450–750 nm is observed. This supports the formation of highly stable D·A1, according to eqn (1). A further
increase in the concentration of D leads to a bathochromic
shift and a significant enhancement of absorption intensity in
the longwave part of the spectrum. This is due to the equilibrium displacement towards the formation of D·A1·D with a
maximum at 556 nm, according to eqn (2). As shown in Fig. 2,
a 50-fold excess of D is required for 95% of A1 binding into
D·A1·D. This points to the weak stability of the complex
D·A1·D. The stability constant log K2 of the complex D·A1·D,
determined by spectrophotometric titration, is equal to 3.32
(Table 2). The ternary structure of complex D·A·D was confirmed earlier by Raman spectroscopy31 and X-ray structural
analysis.35
Because of the high stability constants of complexes in a
1 : 1 ratio (D·A), we used spectrofluorometric titration techniques for their determination.
Like the supramolecular complexes studied previously, the
complexes D·A1 and D·A2 do not fluoresce due to the fast

0.04

a

Weak fluorescence of the solutions was referred to as residual quantities of initial compounds.

Table 2 Wavelength of maximum λabs, molar absorption coeﬃcient
εmax, width at the half-height Δν1/2 of the CT-bands of the complexes
1 : 1 and 2 : 1, obtained by the Gaussian deconvolution, their stability
constant log K and the substitution constant log KS

D·A1·D
D·A1
D·A2·D
D·A2
D·A3·D
D·A3

εmax, M−1 cm−1

λabs, nm

Δν1/2, cm−1

log K, M−1

1290
376
806
490
1160
760

556
526
410
397
393
377

5590
4050
3900
3380
1810
1740

3.32
7.68
2.16
8.72
2.51
8.68

log KS
0.91
−0.13
−0.09

D·A7 and D·A7·D is equal to 111 nm. Thus, this hypsochromic
shift shows that the acceptors A1 and A2 form the complexes,
in which interfragmentary charge transfer is pronouncedly
weaker than in the complexes studied earlier. This charge
transfer is even weaker in the complexes with the acceptor A3,

This journal is © The Royal Society of Chemistry and Owner Societies 2020

Fig. 2 The dependence of the absorption of MeCN solution of A1 (C =
2 × 10−4 М) on the relative concentration of D (CD = 0.16–50). The red
dashed lines show the calculated spectra of D·A1 and D·A1·D. Inset:
Fluorescence enhancement of MeCN solution of D·A2 (black lines, C = 5
× 10−6 М) depending on the relative concentration of 1,12-dodecanediammonium diperchlorate (СС = 0–100) when excited at 355 nm.
Fluorescence enhancement of MeCN solution of D·A1 (red lines, C = 5 ×
10−6 М) depending on the relative concentration of 1,12-dodecanediammonium diperchlorate (СС = 0–5.5) when excited at 410 nm.
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intramolecular reactions of the forward and back electron
transfer, which compete with radiative deactivation. The
complex D·A3 shows weak fluorescence, the maximum of
which is shifted by 5 nm in a shortwave range in reference to
the fluorescence of D. With the gradual addition of the competitor С, such as 1,12-dodecanediammonium diperchlorate,
non-fluorescent complex D·A is destroyed and fluorescent
complex D·C (φ = 0.58) forms:
Ks

D  A þ C

!
D  C þ A

ð3Þ

The stability constant K1 of complexes D·A was determined
by eqn (4), based on the substitution constant KS (Table 2) and
the known stability constant of D·C (log KC = 8.59).28
log K 1 ¼ log K C  log K S

ð4Þ

The black lines in Fig. 2 (inset) show the fluorescence
enhancement of the D·A2 solution as the relative concentration
СС of 1,12-dodecanediammonium diperchlorate increases.
Excitation was at 355 nm, where the free acceptor A2, formed
according to eqn (3), does not absorb light well. The red lines
show the fluorescence enhancement of D·A1 as competitor C
is added. When excited at 410 nm, the fluorescence of free A1
with the maximum at 434 nm is observed instead of D·C fluorescence. The stability constants of complexes D·A1 and D·A2
(Table 2) are close to the earlier obtained values for D·A4
(log K1 = 7.44)39 and D·A7 (log K1 = 9.08).32 This indicates that
supramolecular interaction between ammonioalkyl substituents and crown-ether moieties via hydrogen bonds makes the
main contribution to the stability of the complexes under
study. The contribution of donor–acceptor interaction is small.
In series D·С, D·A2 and D·A7, a slight growth of the complex
stability (8.59, 8.72 and 9.08, respectively) points to a weaker
additional donor–acceptor stabilization of D·A2 as compared
to D·A7. This may be due to the rotation of the A2 molecule
relative to the plane of the D molecule and to a lesser overlap
of their electron density as a result of pyridinium ring substitution in the third position.
Transient absorption spectroscopy
Fig. 3 (top panel) shows the dynamics of the transient spectra of
D·A1 (C = 1.7 × 10−4 М) after excitation with a 30 fs, 356 nm
laser pulse. The kinetics of the diﬀerential optic density changes
is satisfactorily described by the sum of three exponents with
characteristic times 160 fs, 250 fs and 790 fs (Fig. 3, bottom
panel). Similar to the earlier studied complexes of D with the
acceptors A4, A5, A6, and A7,32,38–41 one can identify three consecutive stages in the evolution of the transient spectra:
160 fs

250 fs

790 fs

þ
 4þ
½D*  A4þ ! ½D*  A4þ
! ½D  A4þ ð5Þ
eq ! ½D  A 

During the first 250 fs after excitation, an accumulation of
the relaxed LE-state [D*·A]4þ
eq with the absorption maximum at
560 nm takes place by relaxation of the higher lying states with
a characteristic time of 160 fs. During the next 200 fs, a hypsochromic shift of the absorption maximum from 560 nm to
510 nm occurs, which corresponds to the conversion of the
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Fig. 3 Top panel: The dynamics of transient absorption spectra of D·A1
(C = 1.7 × 10−4 М), which correspond to −100–250 fs delays (red dashed
lines) and to 0.43–6.0 ps delays (black solid lines), after the excitation by
a 356 nm, 30 fs laser pulse. Inset: The dynamics of D·A1 spectra near the
isosbestic point which correspond to 250–430 fs delays. Bottom panel:
The kinetic curves of transient absorption spectra for several wavelengths. The red solid lines represent ﬁtting by a three-exponential function with characteristic times of 160 fs, 250 fs and 790 fs.

relaxed LE-state into the CT-state [D+·A−]4+ with a characteristic
time of 250 fs (Fig. 3, inset).
At the final stage, near 6 ps, a decrease of signal level down
to a residual value is observed, which corresponds to CT-state
decay by its conversion into the ground state [D·A]4+ with the
characteristic time of 790 fs. The residual absorption and
stimulated emission at 430 nm were attributed to the S1-state
of a small amount of free A1. Because the absorption spectrum
of A1 and fluorescence spectrum of D overlap in the region
380–420 nm, the energy transfer from D to A1 cannot be ruled
out. However, the complex D·A1 does not strongly fluoresce,
therefore the stimulated emission of a small amount of A1 can
be assigned to the direct excitation of A1. The presence of an
isosbestic point in Fig. 3 (inset) also indicates that D* completely transforms into the CT-state of D·A1.
Fig. 4 (top panel) shows the dynamics of the transient
spectra of D·A1 (C = 5 × 10−4 М) after excitation with a 40 fs,
425 nm laser pulse, which corresponds to the longwave
maximum of A1 absorption. The kinetics of the diﬀerential
optic density changes is satisfactorily described by the sum of
two exponents with characteristic times of 160 fs and 740 fs
(Fig. 4, bottom panel).
During the first 350 fs after excitation, an intensification of
the signal with a maximum at 510 nm takes place, which was
attributed to the CT-state absorption. During the next 5 ps,
this signal decays to the residual level from the CT-state into
the ground state with the characteristic time of 740 fs.
Based on the electron redistribution at the frontier orbitals
of the donor and acceptor after excitation, one can identify1
four types of transfer processes: Förster resonance energy
transfer,44 LUMO–LUMO, as well as HOMO–HOMO electron
transfer,4,11,20,21,27 and Dexter electron exchange.8,10,12
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dynamics of the excited state of complexes was observed only
for D·A6 and D·A7 when excited directly at the CT-band (about
600 nm).32,40
In order to identify the absorption spectra of individual
components, the experimental matrix of diﬀerential optic densities ΔD(λ,t ) was presented as a linear combination of Species
Associated Spectra εi (λ) (SAS):
ΔDðλ; tÞ ¼ ε0 ðλÞ þ

4
X

εi ðλÞCi ðt; τ1 ; τ2 ; τ3 ; τ4 Þ

ð7Þ

i¼1

Fig. 4 Top panel: The dynamics of transient absorption spectra of D·A1
(C = 5 × 10−4 М), which correspond to −100–240 fs delays (red dashed
lines) and to 0.36–4.4 ps delays (black solid lines), after the excitation by
a 425 nm, 40 fs laser pulse. Bottom panel: The kinetic curves of transient absorption spectra for several wavelengths. The red solid lines represent ﬁtting by a two-exponential function with characteristic times of
160 fs and 740 fs.

If we compare the dynamics of excited states of D·A1,
obtained upon the selective excitation of the donor (356 nm)
and the acceptor (425 nm), we obtain rather similar values of
CT-state lifetimes (790 and 740 fs, respectively) and practically
identical absorption spectra of CT-states. However, as is seen
from Fig. 4, the accumulation of the relaxed LE-state is not
observed. This relationship between the relaxation pathway
and the excitation wavelength can be explained by the fact that
the forward electron transfer takes place between LUMO–
LUMO orbitals upon donor excitation and between HOMO–
HOMO orbitals upon acceptor excitation.1 The processes in
Fig. 4 can be written as follows:
160 fs

740 fs

½D  A*4þ ! ½Dþ  A 4þ ! ½D  A4þ

ð6Þ

The comparison of the dynamics of the D·A1 excited state
with the earlier studied39 complex D·A4 allows us to identify
the following diﬀerences. First, the lifetime of the D·A1 CTstate (770 ± 30 fs) is approximately twice as high as the analogous value for D·A4 (400 fs). This discrepancy cannot be
explained by a diﬀerence in the driving force of the back electron transfer reaction, because the values of free Gibbs energy
changes (ΔG0) for D·A1 and D·A4 are practically identical
(−1.47 eV and −1.46 eV, respectively).37
Secondly, the evolution of D·A4 excited states does not
depend on the wavelength of the exciting light and proceeds
through the accumulation of the intermediate LE-state. In the
case of D·A1, the relaxation pathway depends on the wavelength of the exciting light. When excited at 356 nm, relaxation
proceeds through an intermediate LE-state, whereas when
excited at 425 nm, LE-state accumulation is not observed.
Previously, the absence of the intermediate LE-state in the

This journal is © The Royal Society of Chemistry and Owner Societies 2020

Here, ΔD(λ,t ) is an experimental matrix of diﬀerential optic
densities, depending on wavelength λ and time t; εi (λ) is a time
independent absorption spectrum of the i-th component, ε0(λ)
is residual absorption; Ci (t,τ) is the time dependent concentration of the i-th component.
The time profiles Ci (t,τ) were calculated by solving the
system of diﬀerential equations according to eqn (8):
τ1

τ2

τ3

τ4

X* ! X ! Y* ! Y ! GS

ð8Þ

Table 3 shows the values of characteristic times τi corresponding to eqn (8) for various compounds. The empty cells
are left empty for those cases when the corresponding intermediate product is not accumulated and does not manifest
itself in the transient absorption spectra. X* denotes the initial
short lived non-relaxed excited states, the relaxation of which
over 50–200 fs leads to the growth of the initial absorption.
These times are significantly greater than the growth time of
the front of the exciting laser pulse (10 fs). Thus, these times
cannot be explained exclusively by the eﬀects of the
Instrumental Response Function (IRF).
Х denotes the relaxed LE-states, which were observed in the
dynamics of the transient spectra of A1, D·A1 and D·A3. The
criterion of referring the spectral component X to the LE-state
was the significant diﬀerence of its spectrum shape and position from the spectrum of the long-lived component Y.
Contrary to this, the spectra of Y* are barely diﬀerent from the
spectra of Y. Therefore, the process of transformation of Y*
into Y was referred to as the additional relaxation of Y.

Table 3 Wavelengths of exciting pulse λех, decay times τ1–τ4 according
to eqn (8). The empty cells show that a given intermediate product is
not accumulated

D
A1
A2
A3
D·A1
D·A1·D
D·A2
D·A3

λех, nm

τ1, ps

330
320
320
260
356
425
425
356
330

0.056
0.080
0.070
0.061
0.16
0.16
0.15
0.068
0.023

τ2, ps
0.17

τ3, ps

τ4, ps

0.24
1.5
1.9
2.6

640a
2700a
700a
770a
0.79
0.74
0.75
30
37

0.25

0.10

0.32
0.71

a
Decay times of nanosecond and subnanosecond components may be
inaccurate since the registration delay time was restricted by 500 ps.
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When studying the relaxation of the S1-state of the free base
of tetraphenylporphyrin in benzene,45 three stages with
characteristic times of 100–200 fs, 1.4 ps and 10–20 ps were
identified. The fastest stage (100–200 fs) was assigned to the
Intramolecular Vibrational Redistribution of energy (IVR). The
second stage (1.4 ps) was attributed to the Solvent-induced
Intramolecular Vibrational Redistribution of energy (SIVR),
which takes place due to the elastic collisions with solvent
molecules. The third stage (10–20 ps) was attributed to the
establishment of thermodynamic equilibrium due to nonelastic molecular collisions.
Therefore, the relaxation process with the characteristic
time τ3 could be referred to as induced vibrational relaxation,
caused by the quasi-elastic collisions of excited molecules with
solvent molecules. A fast relaxation process, which takes place
in the S1-states of styryl dyes over 1–2 ps after excitation, was
referred to as a solvate relaxation phenomena.46 So, the characteristic time τ3 could also be attributed to the reorganization
of the solvate shells.
The long-lived states of the compounds D, А1, А2 and A3
with lifetimes 0.6–2.7 ns were referred to as the first singlet S1
state. The long-lived states of the complexes D·A1, D·A1·D,
D·A2 and D·A3 with lifetimes 0.7–37 ps were referred to as the
CT-state.
Because the formation of excimers is possible in the solutions of polycyclic condensed hydrocarbons, it is necessary to
consider this possibility since A1 is a pyrene analogue. For the
pronounced formation of excimers by a static mechanism, i.e.,
by the excitation of ground state aggregates, the concentration
of pyrene should be about 10−2–10−1 M.47 In the presence of
concentrations of pyrene near 10−3–10−2 M, the pronounced
formation of excimers takes place by a dynamic mechanism,
i.e., by diﬀusion-controlled collisions of excited molecules
with non-excited ones.48 During the first 100 picoseconds, the
S1 → Sn absorption spectrum of pyrene does not change.49
Excimer formation is observed with delays of several nanoseconds or several tens of nanoseconds.48,50 Because the concentration of A1 (2 × 10−4 M) and the delay interval (0–500 ps)
in our experiment was about 10 times less than those, which
are necessary for the confident observation of pyrene excimers,
the formation of excimers should not aﬀect the evolution of
the transient absorption spectra.
Fig. 5 shows the absorption spectra of the excited states X
and Y according to eqn (8), calculated by the linear least square
method, for the initial compounds (top panel) and for a
number of their complexes (bottom panel). As shown in Fig. 5,
the absorption spectra of CT-states of a majority of the complexes have similar shapes and positions. The CT-spectrum of
D·A2 resembles the spectrum of the S1-state of A2, though the
excitation at 356 nm is initially localized on the donor. The
spectra of the LE-states of the compounds A1 and D·A1 have a
pronounced vibrational structure and drastically diﬀer from the
spectra of the long-lived states of these compounds.
The spectrum of the LE-state of D·A3 reminds the spectrum
of the S1-state of D, but it is red shifted by 20 nm and does not
have the band of stimulated emission.
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Fig. 5 The absorption spectra of the excited states of D, A1, A2, and A3
(top panel) and some complexes (bottom panel) with the indication of
their lifetimes according to Table 3.

The negative absorption in the S1 → Sn spectra of D, A1 and
A2 (Fig. 5) takes place in the fluorescence region of these compounds (near 385, 435 and 390 nm, respectively) and is caused
by stimulated emission.
The transient spectra of D·A1·D were obtained in conditions
of 50-fold excess of D, when the initial acceptor A1 was almost
completely transformed into D·A1·D. The excitation was performed at 425 nm, where D does not absorb light.
A wave-like artifact caused by the imprint of the second harmonics of the pump pulse is observed in the longwave part of
the transient absorption spectra in Fig. 3. Since this artifact is
present at some negative delays, we were able to subtract it
from the resulting LE-state spectrum of D·A1 with a 250 fs
decay time in Fig. 5.
Fig. 6 (top panel) shows the dynamics of the transient
spectra of D·A2 (C = 4 × 10−4 М) after excitation with a 30 fs,
356 nm laser pulse. The kinetics of the diﬀerential optic
density changes is satisfactorily described by the sum of three
exponents with characteristic times of 68 fs, 320 fs and 30 ps
(Fig. 6, bottom panel).
Because, during the relaxation, the spectrum shape
changes insignificantly, the intermediate state with a 320 fs
lifetime was referred to as the non-relaxed CT*-state. Thus,
these processes can be written as follows:
68 fs

320 fs

30 ps

LE* ! CT* ! CT ! GS

ð9Þ

During the first 270 fs after excitation, an accumulation of
the non-relaxed CT*-state by the relaxation of the higher lying
LE*-states with a characteristic time of 68 fs was observed.
During the next few picoseconds, a certain redistribution of
the spectrum intensities at 470 and 550 nm in favour of the
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Fig. 6 Top panel: The dynamics of transient absorption spectra of D·A2
(C = 4 × 10−4 М), which correspond to −100–125 fs delays (red dashed
lines) and to 0.27–100 ps delays (black solid lines), after the excitation
by a 356 nm, 30 fs laser pulse. Bottom panel: The kinetic curves of transient absorption spectra for several wavelengths. The red solid lines represent ﬁtting by three-exponential function with characteristic times of
68 fs, 320 fs and 30 ps.

first band takes place. This is caused by the relaxation of the
CT*-state into the CT-state with a characteristic time of 320 fs.
At the final stage at about 100 ps, a decrease of the signal level
down to residual values takes place. This corresponds to the
decay of the CT-state into the ground state with a characteristic
time of 30 ps.
Because the lifetime of the excited complexes D·A2 and
D·A3 is approximately 20 times less than the lifetime of the
singlet states of D, A2 and A3, one can make the conclusion
that Förster energy transfer and Dexter electron exchange do
not take place. Besides, the fluorescence spectrum of D lies in
the longwave region as compared with the absorption spectra
of A2 and A3 and does not intersect them. Therefore, the
necessary condition for resonant energy transfer is not
observed.
For the quantitative description of the dependence of the
reaction rate of back electron transfer on the structure of complexes, we used39,40 eqn (10) from Marcus semi-classic singlemode non-adiabatic theory.51–53

For the complexes D·A7 and D·A2, the values of HRP are equal
to 0.10 eV and 0.11 eV, respectively, i.e., they practically
coincide. The values of the changes in free Gibbs energy ΔG0
of the back electron transfer for D·A7 and D·A2, obtained from
electrochemical data,30 are equal to −1.67 eV and −2.16 eV,
respectively. According to Marcus semi-classic theory, when
the values of HRP and ΔG0 are given, the reaction rate is determined by the high-frequency reorganization energy λ2. Found
from the experimental lifetimes of the CT-states of the complexes D·A7 and D·A2 (540 fs and 30 ps, respectively), the
values of λ2 are equal to 0.26 eV and 0.11 eV, respectively. The
value of λ2 for D·A2 belongs to the interval 0.1–0.4 еV, found
earlier for analogous supramolecular complexes.39 Hence, one
can conclude that a relatively slow rate of back electron transfer in the case of D·A2 is caused by a high value of the reaction
energy eﬀect in the Marcus inverted region.
Scheme 1 shows the harmonic potentials of the initial and
final states for a highly exoergic reaction,53 built for the CTstates of D·A1 and D·A2. The energy levels of ground state
ΔG10 and ΔG20 (−1.47 and −2.16 eV), energies of total reorganization λ1 and λ2 (0.89 and 0.96 eV), and activation energies
E1a and E2a (0.09 and 0.38 eV, respectively) are noted in
Scheme 1. The values of the total reorganization energies
λ were estimated as λ = ΔG0 + hνmax, where νmax is a wave
number of the CT-band maximum. The values of activation
energies Ea were calculated by the Marcus formula53 as Ea =
(ΔG0 + λ)2/4λ. As shown in Scheme 1, а greater value of −ΔG0
for D·A2 as compared to D·A1 leads to a greater value of activation energy Ea.
Under other equal conditions, the expected increase of electron transfer time when converting from D·A1 to D·A2 will be
equal to exp[(E2a − E1a )/kBT]. In order to obtain quantitative
agreement with the experimental characteristic times of back
electron transfer, we made a 14% correction to the estimated
values of λ1 and λ2.
In order to describe the deactivation of CT-states of complexes D·A1, D·A1·D, D·A2, and D·A3 and earlier studied complexes D·A4, D·A4·D, D·A5, D·A6, D·A7, D·A7·D,32,38–41 and D·A8


1 X


2 1 Sn
1
4π3
ðΔG0 þ λ1 þ nhνa Þ2
2
¼ HRP
exp
S

;
τET
h2 λ1 kT n¼0 n!
4λ1 kT
S¼

λ2
hνa
ð10Þ

The influence of the complex structure on electron transfer
rate is introduced via the matrix element of electron overlap
HRP, which is calculated from the area of CT-bands and the
interplanar distance between the donor and acceptor (4.7 Å).54
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Scheme 1 Harmonic potentials of initial and ﬁnal states for back electron transfer in CT-states of complexes D·A1 and D·A2.
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(τET = 21 ps),55 in terms of general Marcus theory, we used the
basic Marcus equation53

1


1
4π3 2
ðΔG0 þ λÞ2
2
¼ HRP
exp

τET
h2 λkT
4λkT

ð11Þ

where λ is a total organization energy. The matrix element HRP
was estimated by the Hush formula53
HRP ¼

0:0206 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
νmax Δν1=2 εmax
r

ð12Þ

Here, νmax, Δν1/2 and εmax are the Gaussian parameters,
which approximates the CT-band in the absorption spectrum
of the complexes, and r is an averaged distance between the
donor and acceptor planes.
The wavenumber of the maximum νmax, molar absorption
coeﬃcient εmax and width at the half-height Δν1/2 of the CTbands of the complexes were taken from Table 2 and from our
previous work.39 The interplanar distance r between the donor
and acceptor was assumed to be equal to 3.4 Å for the complexes with an ammonioethyl spacer and 4.7 Å for the complexes with an ammoniopropyl spacer.35,37 The values HRP, calculated from eqn (12) vary within 0.10–0.13 eV for the 1 : 1
complexes and 0.18–0.27 eV for the 2 : 1 complexes. The reaction driving force ΔG0 was calculated as a diﬀerence of the
first electrochemical potentials Ered and Eox of the complexes,
by neglecting the Coulomb term.30,37 The internal temperature
of the CT-states T was fixed at 300 K, assuming its closeness to
the bath temperature.32 The total reorganization energy λ was
fit in order to ascertain the correlation between the experimental back electron transfer time τ4 from Table 3 and τET
according to eqn (11).
Eqn (11) does not describe precisely the experimental
values of total reorganization energies λex = ΔG0 + hvmax,
however, the average value of the experimental total reorganization energy (0.88 ± 0.23 eV) is in good agreement with the
average reorganization energy found from eqn (11) (0.89 ± 0.13
eV). Since −ΔG0 > λ, this means that eqn (11) can be used to
demonstrate back electron transfer in the inverted Marcus
region for all the complexes discussed.
Fig. 7 shows the dependence of the decimal logarithm of
the rate constant of back electron transfer k on ΔG0 + λ, where
λ was calculated from eqn (11). As shown in Fig. 7, about a
50-fold slowing of the reaction for complexes D·A2, D·A3 and
D·A8 as compared with other complexes is caused by the high
exothermic nature of the back electron transfer reaction. This
can be explained by the fact that the acceptors A2, A3 and A8
are weak electron acceptors (reduction potentials are equal to
−1.0, −1.2, and −0.85 V, respectively). This distinguishes them
from the acceptor A1 with a reduction potential of −0.42 V
relative to a silver chloride electrode.37 The process of the back
electron transfer in the CT-state of the phthalocyanine-fullerene supramolecular complex also takes place in the inverted
Marcus region, where ΔG0 is equal to −1.1 eV and λ is equal to
0.6 eV.13 The small value of total reorganization energy λ was
attributed to the spherical symmetry of fullerene.

1196 | Photochem. Photobiol. Sci., 2020, 19, 1189–1200

Fig. 7 The dependence of back electron transfer rate constant in CTstates of complexes, formed with acceptors A1–A8, on the sum of Gibbs
energy ΔG0 and total reorganization energy λ, calculated from eqn (11).

Experimental
(E)-Bis(18-crown-6)stilbene (D) was prepared according to prior
work.56 The synthesis of tetraperchlorates of 2,7-di(2-ammonioethyl)(2,7-diazapyrenium) (A1), 3,3′-(E)-ethene-1,2-diylbis[1(3-ammoniopropyl)pyridinium] (A2) and 4,4′-ethаne-1,2-diylbis
[1-(3-ammoniopropyl)pyridinium] (A3) was carried out as
described previously.34,37 1,12-Dodecanediammonium diperchlorate was prepared from the appropriate diamine and 70%
perchloric acid (Aldrich) according to prior work.57
Anhydrous MeCN (Cryochrom, spectral grade, the water
content < 0.03%) was used.
Steady-state absorption spectra were recorded on a
Shimadzu-3100 spectrophotometer. Steady-state fluorescence
spectra were recorded on a PerkinElmer LS-55 spectrofluorimeter. Fluorescence quantum yields were determined in
aerated solutions relative to a solution of quinine bisulfate in 1
N H2SO4 (φ = 0.546) used as a standard.58
Transient absorption spectra were measured using a femtosecond pump–supercontinuum probe setup. The output of
a “Tsunami” Ti/sapphire oscillator (800 nm, 80 MHz, 80 fs,
Spectra-Physics, USA) was amplified by a “Spitfire” regenerative amplifier system (Spectra-Physics) at repetition rate
1 kHz. The amplified pulses were split into two beams. One
of the beams was directed into a non-collinear phasematched optical amplifier. A pair of quartz prisms compressed its output, which was centered at 740 nm. The
second harmonics was used as a pump pulse. The Gauss
pulse of 30 fs at 330 nm or 40 fs at 260 nm was tuned to the
pump. The second beam was focused onto a thin quartz cell
with H2O to generate super-continuum probe pulses. The
probe pulses were time-delayed with respect to each other.
The pulses were then attenuated, recombined, and focused
onto the sample cell. The pump and probe light spots had
diameters of 300 and 120 μm, respectively. The pump pulse
energy was attenuated to 50 nJ to optimize light excitation.
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All experiments were carried out at 295 K. Laser pulse frequency was adjusted by a SDG II Spitfire 9132 control amplifier (Spectra-Physics). The pulse operation frequency was 50
Hz. The circulation rate in the flow cell of 0.5 mm thickness
was adjusted to avoid multiple excitations. The relative polarization of pump and probe beams was adjusted to 54.7°
(magic angle) in parallel and perpendicular polarizations.
The super continuum signal out of the sample was dispersed
by an Acton SP-300 polychromator and detected by a CCD
camera (Roper Scientific SPEC-10). A time correction was
applied at each kinetic trace. Control experiments were
carried out for non-resonant signals from the pure solvent.
Transient absorption spectra were registered in the
390–780 nm spectral range with a step of 0.43 nm and in
a 0–500 ps delay range with a variable step from 3.33 fs to
1000 fs.
The stability constants of the complexes and the characteristic times of the various excited state processes were found by
global analysis using the nonlinear least square method with
the second order optimization function and Hessian numerical approximation, approaching the calculated matrix of
optical densities to the experimental one.59
The spectra of individual components I were calculated by
the linear least square method from the experimental matrix
of optic densities D and the calculated matrix of concentration
profiles C:
I ¼ DC T ðCC T Þ1

ð13Þ

Relative errors for the values of equilibrium constants are
estimated as 20%, of fluorescence quantum yields as 10%,
and of characteristic times of transient absorption dynamics
as 10%.

Conclusion
The spectral and thermodynamic properties of the charge
transfer complexes 1 : 1 (D·A) and 2 : 1 (D·A·D) between the
electron donor (E)-bis(18-crown-6)stilbene (D) and the acceptors (A) of the following series: tetraperchlorate 2,7-di(2-ammonioethyl)(2,7-diazapyrenium) (A1), tetraperchlorate 3,3′-(E)ethene-1,2-diylbis[1-(3-ammoniopropyl)pyridinium] (A2) and
tetraperchlorate
4,4′-ethаne-1,2-diylbis[1-(3-ammoniopropyl)
pyridinium] (A3). The complexes D·A are highly stable, but the
complexes D·A·D are weakly stable. Due to the better geometric
correspondence of the molecules of 3-ammoniopropyl-substitited acceptors with the bis-crowned donor D, the stability constants of D·A2 and D·A3 are much higher than those of D·A1.
Because of the weak electron acceptor properties of A2 and
A3, their complexes D·A2, D·A2·D, D·A3, D·A3·D are characterized by weakly pronounced CT-bands, the maxima of which
are hidden against the background of a more intense main
longwave absorption band. The maxima of these CT-bands are
within 380–400 nm, which is shorter by 100–200 nm than the
positions of the maxima of the CT-bands of earlier studied
complexes with the acceptors A4, A5, A6, A7.

This journal is © The Royal Society of Chemistry and Owner Societies 2020

The complexes D·A do not fluoresce well due to the fast
forward and back electron transfer reactions, which compete
with radiative recombination. The eﬃciency of fluorescence
increases when the alkane diammonium salts are added due
to disruption of the non-fluorescent complex D·A.
By femtosecond transient absorption spectroscopy, we
obtained the lifetimes of the CT-states of D·A2 and D·A3 as 30
and 37 ps, respectively, which are 50–70 times higher than the
lifetimes of the supramolecular complexes studied prior. Such
a slow rate of the back electron transfer reaction was explained
by its high energy eﬀect in the conditions of the inverted
mode of Marcus theory. Contrary to the complexes studied
prior to this study, the formation of an intermediate locally
excited (LE) state is not observed in the dynamics of the
excited states of D·A2 and is hardly observed in the case of
D·A3. This can be related to the energy proximity of the main
absorption bands and CT-bands because the maxima of CTbands are within the broadened structure of the main bands.
The relaxation pathway of the excited states of D·A1 bands
depends on the wavelength of exciting light. When excited at
425 nm, the formation of the LE-state was not observed. When
excited at 356 nm, the accumulation of the LE-state with a 250
fs lifetime was observed.
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