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Femtosecond excited state dynamics of a
stilbene–viologen charge transfer complex
assembled via host–guest interaction
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The dynamics of the excited states of a supramolecular complex with a charge transfer between (E)-bis
(18-crown-6)stilbene and 4,4’-(E)-ethene-1,2-diylbis[1-(2-ammonioethyl)pyridinium]tetraperchlorate was
studied by means of femtosecond transient spectroscopy. It is found that the characteristic time of the
conversion of the locally excited (LE) state into the charge transfer (CT) state is equal to 300 fs, whereas
the characteristic time of the conversion of the CT state into the ground state is equal to 400 fs. Due to
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host–guest interaction involving hydrogen bonds, the complex possesses high thermodynamic stability.

DOI: 10.1039/c7pp00170c

As a result of ultrafast photoinduced processes of the direct and back electron transfer, the complex does
not ﬂuoresce. Upon the interaction of the complex with alkaline-earth metal cations, “switch-on” of its
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ﬂuorescence occurs.

Introduction
Bis-crown ether derivatives are of interest due to their unique
properties which are absent in their monocyclic analogues.1
The distinctive feature of bis-crown ethers is the cooperative
eﬀect of complex formation of two macrocycles. The variation
of the length of the link, which separates the macrocycles, as
well as its flexibility and spatial geometry enables control of
this eﬀect, and allows one to change the eﬃciency and selectivity of cation binding. Bis-crown ethers and their derivatives
tend to form sandwich complexes with cations of large sizes.
The linking of two crown-ether moieties with a flexible polymethylene or polyoxyethylene bridge leads to an increase in
the stability of the complexes with K+, Rb+ and Cs+ ions.2–4
The introduction of photosensitive chemical groups into biscrown ether structures in some cases enables photochemical
control of the binding of cations. Examples of such photoactive compounds are crown-containing azobenzenes,5–8
diarylethylenes,9,10 or triphenylmethane.11,12
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Another important feature of bis-crown ethers is their
ability to form strong complexes with 1,ω-alkanediammonium
salts.13–17 Due to cooperative eﬀects, the stability constants of
such complexes are 5–6 orders of magnitude higher than
those of the monocrown ether complexes.
Being weakly bound systems, organic charge transfer complexes (CTCs) usually possess low thermodynamic stability. In
order to increase their stability, it was suggested to introduce
such complexes into supramolecular ensembles with host–
guest interaction. In certain ensembles huge macrocycles
which can bind large organic cations such as viologen or a diazapyrenium cation were successfully used.18–22 In some of
these systems together with the coordination bond, a topological bond between the donor and acceptor rings also takes
place.23–25
The study of the CTC between bis-crown ethers and
viologen analogues bearing two terminal ammonioalkyl
groups13,26–34 is interesting for the following reasons. On the
one hand, such pseudocyclic supramolecular complexes are
easily formed in solution due to the self-assembly and are
characterized by very high thermodynamic stability. On the
other hand, they are rather labile and can react with excess of
the donor or with side cations. The CTC formed between biscrown ethers and viologen analogues are convenient objects
for studying the dynamics of fast electron transfer.
Previously,29 the dynamics of photoinduced electron transfer
in the CTC between (E)-bis(18-crown-6)stilbene (D) and 4,4′-(E)ethene-1,2-diylbis[1-(2-ammoniopropyl)pyridinium]tetraper-
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chlorate was studied by femtosecond transient absorption
spectroscopy. It was shown that the back electron transfer conversion of the CT state into the ground state occurs with a
characteristic time of 540 fs.
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Femtosecond transient absorption spectra were recorded on
a pump and light supercontinuum probe setup with a 3.33 fs
delay step and a 0.5 nm wavelength step. The details of the
setup are described elsewhere.37
The stability constants of the complexes and the characteristic
times of various excited state processes according to the polyexponential model were found using a nonlinear least squares
method with the second order optimization function and Hessian
numerical approximation, approaching the calculated matrix of
optical densities to the experimental one.38 The spectra of individual components were found by the linear least squares method
performing matrix transformations.29 We used the matrices of
diﬀerential optical densities at delay times from 10 fs to 3 ps and
with a step of 5 fs for finding characteristic times of fast processes. The matrices of diﬀerential optical densities at delay times
from 5 ps to 500 ps and with a step of 1 ps were used to find the
characteristic times of slow processes.
Relative errors for the values of equilibrium constants are
estimated as 20%, of fluorescence quantum yields as 10%, and
of the characteristic times of transient absorption dynamics as
5%.

Results and discussion
Steady-state spectroscopy
In the present work we studied the dynamics of the excited
state of the 1 : 1 complex (DA) between D and 4,4′-(E)-ethene1,2-diylbis[1-(2-ammonioethyl)pyridinium]tetraperchlorate (A).
Since the ammonioethyl N-substituents in A are shorter than
the ammoniopropyl substituents of the acceptor applied in the
previous work,29 DA can be used for studying the eﬀects of
spatial separation of a donor and an acceptor of a CTC on the
femtosecond dynamics of excited states and on photoinduced
electron transfer.

Fig. 1 shows the absorption spectra of D, A and DA in MeCN.
A weak wide band (ε = 340 M−1 cm−1) at 500–700 nm is an
evidence of CTC formation. For comparison, the CT band
intensity of a covalently bound intramolecular CTC with
viologen is 15 times higher (ε = 5600 M−1 cm−1).39
The interaction of bis-crown ether D with dipyridylethylene
derivative A, taken in an equimolar quantity, results in the formation of a CTC (DA).

Experimental
(E)-Bis(18-crown-6)stilbene (D) was prepared according to
ref. 35. The synthesis of 4,4′-(E)-ethene-1,2-diylbis[1-(2-ammonioethyl)pyridinium]tetraperchlorate (A) was carried out as
described previously.34
Barium and calcium perchlorates (Merck) were dried
in vacuo (1 Pa) at 200 °C for 5 h in a VacuCell calciner.
Anhydrous acetonitrile (Cryochrome, spectral grade, the water
content <0.03%) was used. Solutions were prepared under the
light of a red lamp to prevent the E–Z-photoisomerization of
compounds D and A.
Steady-state absorption spectra were recorded on a
Shimadzu-3100 spectrophotometer. Steady-state fluorescence
spectra were recorded on a PerkinElmer LS-55 spectrofluorometer. Fluorescence quantum yields were determined in aerated
solutions relative to a solution of quinine bisulfate in 1 N H2SO4
(φ = 0.546) which is used as a standard.36
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Fig. 1 Absorption spectra of D, A and DA in MeCN. The CT band intensity of DA is ampliﬁed 100 times.
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ð1Þ

The stability constant log KDA, found earlier by the guestcompetitor titration technique (where 1,12-dodecane-diammonium diperchlorate was a competitor), is equal to 9.42 33 or
9.0.34 Due to the ultrafast subpicosecond processes of the
direct and back electron transfer, complex DA does not fluoresce as well as similar CTCs.29,33,34 The fluorescence quenching of D in MeCN takes place when the acceptor A is gradually
added (Fig. 2). The linear dependence of fluorescence intensity
on the concentration of the quencher in almost all concentration ranges (Fig. 2, inset) does not allow us to determine the
stability constant KDA directly due to its very large value. In
order to determine KDA we used a guest-competitor technique
where a metal cation M was used as a competitor.
Intermediate products DM and DMA cannot accumulate in the
solution without an excess of D or A, respectively. Because the
stability constant of the complex of one ammonioalkyl substituent with one macrocycle is small (log K = 2.9),31 the only
product of displacement is complex DM2. Thus, the decomposition of DA by metal salts takes place according to eqn (2):
KS

DA þ 2M ! DM2 þ A

ð2Þ

We studied the decomposition of complex DA under the
influence of barium and calcium perchlorates. The decomposition of DA leads to the appearance of free molecule A and to
the formation of complexes DBa2 and DCa2.
When barium salt is added, a gradual decrease in the CT
band intensity takes place (Fig. 3, above). At the same time,
the fluorescence enhancement also occurs (Fig. 3, below).

Fig. 3 Above: Absorption spectra of DA in MeCN (C = 4.5 × 10−5 M)
with various relative concentrations of barium perchlorate (CM/CDA
varies from 0 to 2.7). The absorption intensity at 500–700 nm is
ampliﬁed 100 times. Below: Fluorescence enhancement of the solution
of DA in MeCN (C = 10−5 M) with a gradual increase in the relative concentration of barium perchlorate (CM/CDA varies from 0 to 8). The excitation wavelength is 349 nm. Inset: The dependence of ﬂuorescence
intensity at 380 nm (I) on the relative concentration of barium perchlorate (CM/CDA). The solid line shows the theoretical dependence obtained
from eqn (2).

In order to obtain the stability constant KDA from the substitution constant KS of A by two metal cations, it is necessary
to know the product K1K2 of the formation constants at the
first and the second stages of the process.
Then KDA can be obtained from eqn (3):
log K 1 þ log K 2 ¼ log K S þ log K DA

ð3Þ

The interaction of D with metal cations takes place as
follows:
Fig. 2 Fluorescence quenching of D in MeCN (C = 6 × 10−6 M) depending on the relative concentration of A (CA/CD varies from 0 to 1.2).
Excitation wavelength is 355 nm. Inset: the dependence of the ﬂuorescence intensity of D at 385 nm (I) on the relative concentration of A
(CA/CD). The solid line shows theoretically predicted trend obtained by
using eqn (1).
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K1

D þ M ! DM
K2

DM þ M ! DM2

ð4Þ
ð5Þ

and leads to the formation of complexes DM and DM2.
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The formation of sandwich complexes for bis(18-crown-6)
stilbene is not observed except for a very large Cs+ cation.40,41
In spite of several isosbestic points being observed upon
the spectrophotometric titration of the solution of D with
barium perchlorate (Fig. 4), this system contains three
components rather than two components, as evidenced by the
rank of the optical density matrix according to Wallace–Katz.42
The stepwise character of complexation is clearly observed in
the fluorescence spectra, because the intermediate complex
DM fluoresces weakly. Upon addition of calcium perchlorate to
the solution of D, at first fluorescence quenching takes place
due to the formation of complex DCa, which is followed by
fluorescence enhancement due to the formation of the
strongly emissive complex DCa2 (Fig. 5). The relatively
weak fluorescence of complexes DM can be explained by the
asymmetry of their electronic structure. It is known that
the increase in the diﬀerence in the induction constants of
4,4′-substituents leads to the increase in the rate constant of
photoinduced stilbene trans–cis-isomerization, which competes with radiative deactivation.43
Table 1 shows the values of equilibrium constants K1, K2
and KS for the reactions with Ba2+ and Ca2+ ions, which are
found by the nonlinear least squares method from spectrophotometric titration. The high values of stability constants
are in good agreement with the previously found values for
benzo-18-crown-6-ether derivatives.44–46
In spite of the diﬀerence between the diameter of the Ca2+
ion and the 18-membered macrocycle cavity size (the diameters of cations Ca2+, Ba2+ and the 18-crown-6 macrocycle are
equal to 1.98 Å, 2.68 Å and 2.6–3.2 Å, respectively), the binding
constants of the Ca2+ ions with D and DA are not inferior to
the binding constants of the Ba2+ ions (Table 1). Besides this,
in both cases, the value of K2 is less than that of K1 due to
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Fig. 5 Fluorescence spectra of D in MeCN (C = 1.2 × 10−5 M) with
various relative concentrations of Ca(ClO4)2 (CM/CD varies from 0 to
3.7). The blue curve shows the calculated spectrum of the pure complex
DCa.

Table 1 The values of equilibrium constants K1, K2 and KS for the reactions with Ba2+ and Ca2+ ions in MeCN, and the calculated value KDA
obtained from eqn (3)

Ion

log K1, M−1

log K2, M−1

log KS, M−1

log KDA, M−1

Ba2+
Ca2+

8.61
8.52

7.13
7.08

6.25
6.33

9.49
9.27

electrostatic repulsion between the cations. The value of the
stability constant of DA (log KDA = 9.4 ± 0.1) is in good agreement with the values determined by other methods.33,34
Table 2 shows the spectral characteristics of D, A, DA, and
of the complexes of D with Ba2+ and Ca2+ ions in MeCN. The
complexation of D with Ba2+ and Ca2+ ions leads to a blue shift
of the absorption maximum by 3–4 nm for DM and by 6 nm
for DM2. In the latter case, the fluorescence spectrum maxima
are also blue shifted by 7 nm. Contrary to this, the formation
of complexes DBa and DCa leads to a red shift of the fluo-

Table 2 The values of absorption (λabs) and ﬂuorescence (λﬂ ) spectrum
maxima, the molar extinction coeﬃcient (ε) and the ﬂuorescence
quantum yield (φ) of D, A, DA and of the complexes of D with Ba2+ and
Ca2+ ions in MeCN

DA

Fig. 4 The dependence of the absorption spectra of D (C = 1.5 × 10−5
M) in MeCN on the relative concentration of Ba(ClO4)2 (CM/CD varies
from 0 to 15).

1804 | Photochem. Photobiol. Sci., 2017, 16, 1801–1811

D
A
DBa
DBa2
DCa
DCa2

λabs, nm

ε, M−1 cm−1

533
321
336
323
333
330
332
330

340
65 500
37500 (ref. 29)
44 000
36 400
38 100
36 600
38 200

λfl, nm

φ
<0.0001 (ref. 29)

385
370
388
378
388
378

0.39
0.025
0.16
0.34
0.15
0.35
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rescence spectrum maxima by 3 nm. This shift can point to
the charge transfer in the excited states of DM due to their
electronic asymmetry.
The issue of the stability of the complexes in organic
solvent–water media is important for their practical applications. The decomposition of complexes DA, DBa2 and DCa2
in MeCN upon the addition of water was studied. Complexes
DBa2 and DCa2 were obtained by adding a tenfold excess of
barium and calcium perchlorates to the solution of D. The
decomposition of the complexes in the presence of water can
be described by using eqn (4)–(6),
Ka

M þ nH2 O ! MnH2 O

ð6Þ

where the stoichiometry of the aquacomplex is an optimizable
parameter.
According to the spectrophotometric titration, optimal parameters are n = 2 and log Ka = 2.1 for complex DBa2 and n = 2
and log Ka = 2.6 for complex DCa2. The half-decomposition of
complex DBa2 at the first stage takes place when the water
concentration is about 4 M (10%) and at the second stage
when the water concentration is about 14 M (30%). The halfdecomposition of complex DCa2 at the first stage takes place
when the water concentration is about 2 M (5%) and at the
second stage when the water concentration is about 10 M
(20%).
When water is added to the solution of DA in MeCN, a
gradual increase of an absorption band with the maximum at
324 nm and the shoulder at 336 nm is observed. This spectral
form corresponds to an arithmetic sum of the free spectra of
compounds A and D. The rank of the optical density matrix
points to the presence of two absorbing components, which
are DA and an equimolecular mixture of D and A. The
decomposition of DA under the influence of water takes place
according to eqn (7):
Ka

DA þ nH2 O ! D þ AnH2 O

whereas the vectors of pre-exponential factors and the background vector were found by the linear least squares method.
Fig. 6 shows the dynamics of the transient spectra of DA
(C = 1 × 10−4 M) after the pumping by using a 30 fs 330 nm
laser pulse. The evolution of spectra is satisfactorily described
by using eqn (8) for three exponents with characteristic times
of 79 fs (Ia), 289 fs (IIa) and 397 fs (IIIa) (Fig. 7). The spectral
contributions of each exponent are shown in the inset (Fig. 7).
During the first 100 fs after the pumping, a rise of transient
absorption (Fig. 6) takes place due to the component Ia with
maxima of 425 nm and 535 nm by an absolute value (Fig. 7,
inset). This process was referred to as the relaxation of the LE
state. During the period between 100 fs and 400 fs, reshaping
and a blue shift of spectra take place (Fig. 6, inset) due to the
rising component IIa with a maximum of 492 nm.
This process was referred to as the conversion of the LE
state into the CT state. Then, during the last 2 ps, a decay of
transient absorption to the background level takes place due
to the component IIIa with a maximum of 492 nm. This
process was referred to as the conversion of the CT state into
the ground state.
For the assignment of the vectors of pre-exponential
factors, let us consider a series of transformations according
to eqn (9).
k0

k1

k2

LEν ! LE ! CT ! GS

ð9Þ

In eqn (9), k0 is the monomolecular rate constant of the
conversion of the initial LEν state into the relaxed LE state, k1
is the monomolecular rate constant of the conversion of the
relaxed LE state into the CT state, k2 is the monomolecular rate
constant of the conversion of the CT state into the ground
state.

ð7Þ

The best description is achieved when n = 4 and log Ka =
–7.1. The half-decomposition of DA takes place when the water
concentration is about 3 M (7%).

Transient spectroscopy
In order to describe the evolution of transient spectra, the
polyexponential model function (8) was used.
ΔDðλ; tÞ ¼ A0 ðλÞ þ

n
X
i¼1



t
Ai ðλÞ exp 
τi

ð8Þ

Here, ΔD(λ, t ) is the diﬀerential optical density matrix,
which depends on time t and wavelength λ; A0(λ) is the background vector, which does not depend on time, n is the
number of exponents; Ai (λ) is the vector of pre-exponential
factors of the i-th exponent, which depends on wavelength;
τi is the characteristic time of the i-th exponent. The characteristic times were found by the nonlinear least squares method,
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Fig. 6 The dynamics of the transient spectra of DA, which correspond
to 10–200 fs delay times (red lines) and to 0.3–2.0 ps delay times (black
lines), after the excitation by using a 30 fs 330 nm laser pulse. Inset: The
reshaping of spectra during 170–350 fs delay times.
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Fig. 7 The kinetics of the transient spectrum relaxation of DA after the
excitation by using a 30 fs 330 nm laser pulse for several wavelengths:
(1) 430 nm, (2) 470 nm, (3) 550 nm, and (4) 700 nm. The solid lines represent the data of three exponential models with characteristic times of
79 fs, 289 fs and 397 fs. Inset: The vectors of pre-exponential factors
correspond to characteristic times: (1) 79 fs, (2) 289 fs, (3) 397 fs, and (4)
background.

If the relaxation of the initial LEν state is taken as an
instant process, the CT state will be the only intermediate
product of transformations. Then, the dependence of the LE
state concentration (CLE) and of the CT state concentration
(CCT) on time t will be described by using eqn (10) and (11):
0 k1 t
e
CLE ¼ CLE

CCT ¼

k1
C0 ðek2 t  ek1 t Þ
k1  k2 LE

ð10Þ

ponds to the process of deactivation of the CT state due to the
back electron transfer. The first vector (Fig. 7, inset) corresponds
to the fast process of accumulation of the relaxed LE state. This
process was neglected while developing eqn (12).
Thus, the vectors of pre-exponential factors (Fig. 7, inset)
have the following physical meaning. The first vector mainly
corresponds to the inverted absorption spectrum of the LE
state. The second vector mainly corresponds to the inverted
absorption spectrum of the CT state. The third vector corresponds to the absorption spectrum of the CT state.
As is seen in Fig. 6, after the decay of absorption at 490 nm
which takes place during the first 2 ps, the background signal
retains at 555 nm. This background signal remains unchanged
during the first tens of picoseconds. A similar background was
also observed in ref. 29. Having a noticeable intensity as
shown in Fig. 6, the background is rather weak as shown in
Fig. 7 (inset). Based on the consideration of this background
signal in a greater time period (500 ps), one can observe its
slow decay (660 ps). In our opinion, this signal is not a photoproduct which could be formed as a result of fast photoprocesses. The position of the maximum and the large lifetime
allow us to refer this background to small amounts of D as a
result of the equilibrium dissociation of DA.
The kinetics of the LEν, LE and CT states according to
eqn (9) is given in Fig. 8. The calculated absorption spectra of
the pure LE and CT states (Fig. 8, inset) are similar to the first
and third vectors of pre-exponential factors (Fig. 7, inset),
respectively, as was expected.
In the picture, the shapes of the pre-exponential vectors
correspond on the whole to the results of the previous work29
for the analogue of DA, in which the bis(crown)stilbene molecule is separated from the molecule of a dipyridylethylene
derivative by longer ammonioalkyl substituents, containing

ð11Þ

Multiplying eqn (10) by εLE, and eqn (11) by εCT, and
summing them, we can obtain eqn (12):


k1
0 k1 t
D ¼ DLE þ DCT ¼ εLE 
εCT CLE
e þ
k1  k2
ð12Þ
k1
0 k2 t
εCT CLE e
þ
k1  k2
Here, D is the total optical density per length unity at a
given wavelength, DLE and DCT are the optical densities of the
LE and CT states, respectively, εLE and εCT are the molar extinction coeﬃcients, C0LE is the initial concentration of the LE
state. Taking into consideration the fact that k1 > k2, it follows
from eqn (12) that the second vector of pre-exponential factors
(Fig. 7, inset) is a linear combination of the inverted CT state
absorption spectrum (about 80%) and of the LE state spectrum
(about 20%). The characteristic time associated with the second
vector corresponds to the process of conversion of the LE state
into the CT state. In addition, it also follows from eqn (12) that
the third vector (Fig. 7, inset) is a pure spectrum of the CT state.
The characteristic time associated with the third vector corres-

1806 | Photochem. Photobiol. Sci., 2017, 16, 1801–1811

Fig. 8 The dependence of the molar fraction α of the LEν, LE and CT
states on time t. The transient states are formed after the excitation of
DA by using a 30 fs 330 nm laser pulse. Inset: The calculated spectra of
the LEν, LE and CT states.
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three methylene groups instead of two. The smaller value of
the 79 fs fast rising exponent in comparison with the 150 fs
exponent from the previous work29 can be explained by the
shorter duration of the exciting laser pulse. Similar values of
the conversion time of the LE state into the CT state do not
allow us to make a conclusion about the influence of the
spatial structure of a donor–acceptor complex on these values.
The time of back electron transfer (397 fs) is considerably less
than the value (536 fs) obtained in the previous work.29 This
fact proves that the back electron transfer proceeds faster in a
tighter complex. Since the ammonioethyl N-substituents in the
acceptor molecule A are shorter as compared to ammoniopropyl substituents,29 the distance between the two parallel
planes of donor and acceptor molecules in complex DA is considerably less. This leads to a stronger overlap of their HOMO
and LUMO molecular orbitals which is necessary for CTC formation. The tighter contact of donor and acceptor molecules
results in a stronger upfield shift of acceptor proton signals in
the 1H-NMR spectra as well as in the bathochromic shift of the
CT band in the optical spectra.31
In order to quantitatively take into account the eﬀect of the
spatial structure of DA on the electron transfer rate, we used
the semiclassical single-mode nonadiabatic theory.47
According to this theory, the rate of electron transfer in
organic CTCs can be described as follows:

1=2 X


1
1
4π 3
Sn
ðΔG0 þ λ1 þ nhνa Þ2
2
¼ HRP 2
exp S 
;
τET
h λ1 kT
n!
4λ1 kT
n¼0
S¼

λ2
hνa

and acceptor planes. The values of r were taken from the X-ray
data.34,49 It was found from the electrochemical data27 that the
value of ΔG0 is a diﬀerence between the reduction potential of
the acceptor (−0.43 eV) and the oxidation potential of the
donor (1.24 eV), as components of a complex. As in ref. 29, the
value of νa was equal to 1500 cm−1. The internal temperature
of the CT state was fixed at 300 K, assuming it to be close to
room temperature.29 The reorganization energy λ2 was an optimizable parameter. The reorganization energy λ1 was calculated from the complete reorganization energy λ0 according to
eqn (15):
λ0 ¼ λ1 þ λ2 ¼ ΔG0 þ hνmax

ð15Þ

Table 3 represents the values which were used for calculating the rates of back electron transfer according to eqn (13) for
DA and its analogue with ammoniopropyl substituents.29
The tighter contact of the donor and the acceptor in DA as
compared with that in its analogue leads to a 30% rise in the
matrix element HRP (Table 3). From this fact, one could expect
an increase in the rate of electron transfer approximately by
1.6 times when passing from DA to its analogue. Besides this,
in order to reconcile the experimental data with the values predicted from eqn (13), it is necessary to consider the reorganization energy λ2 for DA (0.44 eV) about twice as big as that for
its analogue (0.23 eV).
The spherical continual model50 is often used to estimate
the value of the solvent reorganization energy λ1. According to
this model,
λ1 ¼ Δq 2 ðdD 1 þ dA 1  r 1 Þðn 2  ε 1 Þ

ð13Þ
Here, HRP is the electronic coupling matrix element, ΔG0 is
the change in the Gibbs free energy, λ1 is the reorganization
energy associated with a solvent and low-frequency internal
modes, λ2 is the reorganization energy associated with the
averaged frequency νa of high-frequency internal modes.
We used the following assumptions for comparing the
experimental characteristic times of back electron transfer
with the calculated values predicted from eqn (13). The estimation of the matrix element HPR was performed by using the
Hush formula:48
HRP ¼

0:0206 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
νmax Δν1=2 εmax
r

ð14Þ

Here, νmax, Δν1/2 and εmax are the parameters of Gaussian,
which approximates the CT band in the absorption spectrum
of the complexes, r is the averaged distance between the donor

ð16Þ

Here, Δq is the transferred charge value, dD and dA are the
eﬀective diameters of donor and acceptor molecules, respectively, r is the distance between them, n and ε are the refractive
index and the dielectric permeability of the solvent, respectively. It is necessary to assume that dD and dA are equal to
5.9 Å and Δq is equal to 0.76 e for the agreement of eqn (16)
with Table 3. Thus, the shortening of the ammonioalkyl substituent in DA as compared with the complex in ref. 29 leads
to a decrease in the solvent reorganization energy λ1.
The values obtained for the intramolecular reorganization
energy λ2 do not exceed the values obtained by resonance
Raman spectroscopy for organic CTCs.51,52 This fact indicates
the applicability of the semiclassical single-mode nonadiabatic
theory for describing photoelectron transfer in complex DA.
The complex formation between bis(crown)stilbene and
dipyridylethylene results in the suppression of vibration modes
with frequencies less than 1634 cm−1 in Raman scattering

Table 3 Maximum position νmax, bandwidth at half height Δν1/2 and the intensity εmax of the CT-band, distance between the donor and acceptor
planes r, matrix element HRP, change in the Gibbs free energy ΔG0, low-frequency λ1 and high-frequency λ2 reorganization energies for DA and its
analogue29

Bridge

νmax, cm−1

Δν1/2, cm−1

εmax, M−1 cm−1

r, Å

HRP, eV

ΔG0, eV

λ1, eV

λ2, eV

(CH2)3
(CH2)2

19 700
18 500

4880
4880

375
331

4.7
3.4

0.103
0.130

−1.67
−1.67

0.54
0.19

0.23
0.44

This journal is © The Royal Society of Chemistry and Owner Societies 2017

Photochem. Photobiol. Sci., 2017, 16, 1801–1811 | 1807

View Article Online

Published on 19 October 2017. Downloaded by Lomonosov Moscow State University on 07/12/2017 12:36:52.

Paper

spectra of these compounds.28,30 This indicates an increase in
the rigidity of donor and acceptor moieties as a result of
complex formation. It is known that the reorganization energy
λ2 is connected with the deformation of some chemical
bonds.53 The greater value of λ2 for DA as compared with the
complex in ref. 29 (Table 3) points to a bigger rigidity of DA.
Fig. 9 shows the dynamics of the transient spectra of DA
(C = 1 × 10−2 M) after the pumping by using a 25 fs 580 nm
laser pulse. The evolution of spectra is satisfactorily described
by using eqn (8) for two exponents with characteristic times of
51 fs (Ib) and 417 fs (IIb) (Fig. 10). The spectral contributions
of each exponent are shown in the inset (Fig. 10).
After the fast primary signal accumulation within the pulse
duration (Fig. 9, inset), in the first 200 fs, reshaping and the
shoulder decay at 470 nm (Fig. 9) take place due to the contribution of the component Ib with a maximum at 463 nm and a
minimum at 492 nm. This process was referred to as the relaxation of the nonequilibrium CT state. Then, during the last
2 ps, a complete decay of the component IIb and the associated absorption band with a maximum at 492 nm is observed.
This process was referred to as the conversion of the CT state
into the ground state.
The CT state lifetimes obtained under 330 nm and 580 nm
excitation are in good agreement with one another. The first
vector of pre-exponential factors (Fig. 10, inset) corresponds to
the superposition of the absorption spectra of nonequilibrated
and relaxed CT states. The second vector is a pure absorption
spectrum of the relaxed CT state.
Scheme 1 summarizes the processes which take place upon
the excitation of DA at the main absorption band and at the
CT band.
We also studied the dynamics of singlet excited states of bis
(crown)stilbene D and its complexes DBa and DBa2 in MeCN.

Photochemical & Photobiological Sciences

Fig. 10 The kinetics of the transient spectrum relaxation of DA after
the excitation by using a 25 fs 580 nm laser pulse for several wavelengths: (1) 430 nm, (2) 460 nm, (3) 550 nm, (4) 640 nm, and (5) 780 nm.
The solid lines represent the data of two exponential models with
characteristic times of 51 fs and 417 fs. Inset: The vectors of pre-exponential factors correspond to characteristic times: (1) 51 fs and (2) 417 fs.

Scheme 1 Processes upon the excitation of DA at the main absorption
band (hν1) and at the CT band (hν2).

Fig. 9 The dynamics of the transient spectra of DA, which correspond to
50–100 fs delay times (red lines) and to 0.14–2.0 ps delay times (black
lines), after the excitation by using a 25 fs 580 nm laser pulse. Inset: The
dynamics of the spectra, which correspond to 0–40 fs delay times.

1808 | Photochem. Photobiol. Sci., 2017, 16, 1801–1811

The solutions of DBa and DBa2 were prepared by adding
barium perchlorate to the solution of D (C = 5 × 10−4 M) in an
equimolar amount and fivefold excess, respectively. The equilibrium content of complex DBa was about 60%, whereas the
content of complex DBa2 was almost 100%. In all the three
cases, the dynamics of transient spectra is described in a
similar way. During the first 500 fs, a rise in the absorption
intensity takes place. After that, the shapes and the positions
of the spectra do not change with time and the maxima of
transient spectra retain their positions at 558 nm, 562 nm and
569 nm for the solutions of D, DBa and DBa2, respectively. The
intensity of spectra slowly decays according to the monoexponential law with characteristic times of 640 ps, 470 ps and
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597 ps, respectively. The data obtained indicate that the lifetime of the excited molecule of D decreases upon binding with
one cation due to the asymmetry of the electronic structure of
the resulting complex.

Paper

2

Conclusion
Thermodynamic and kinetic properties of the charge transfer
complex DA between (E)-bis(18-crown-6)stilbene and 4,4′-(E)ethene-1,2-diylbis[1-(2-ammonioethyl)pyridinium]tetraperchlorate were studied in ground and excited electron states by
means of steady-state absorption and fluorescence spectroscopy, as well as femtosecond transient absorption
spectroscopy.
The characteristic time of back electron transfer in the CT
state of DA was determined by femtosecond transient absorption spectroscopy upon excitation at the 330 nm or 580 nm
band is the same, and is equal to 410 ± 20 fs. This value is
smaller than that was found previously for analogous CTCs
but with longer ammonioalkyl substituents (540 ± 30 fs).29
This result can be explained by using the tighter spatial structure of DA as compared with the analogous complex,29 which
leads to a stronger electronic coupling between the donor and
the acceptor within a complex.
Complex DA does not fluoresce due to fast subpicosecond
photoinduced reactions of direct and back electron transfer.
The direct electron transfer leads to the conversion of the
locally excited electron state into the charge transfer (CT) state.
The back electron transfer leads to the deactivation of the CT
state to the ground state.
Upon the interaction of DA with alkaline-earth metal
cations a “switch-on” of DA fluorescence takes place due to the
substitution of the acceptor molecule by two metal cations and
the suppression of electron transfer processes. In this case the
disappearance of the charge transfer absorption band is also
observed. Complex DA can therefore be considered as a promising supramolecular optical sensor for the determination of
metal cations.
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