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The formation of a supramolecular complex of bis(18-crown-6)stilbene (1) and 4,4’-bipyridine with two

ammoniopropyl N-substituents (3) and the substitution reaction between 1·3 and alkali and alkaline-earth

metal perchlorates have been studied using absorption, steady-state fluorescence, and femtosecond

transient absorption spectroscopy. The formation of 1·(Mn+)2 complexes in acetonitrile was demonstrated.

The weak long-wavelength charge-transfer absorption band of 1·3 completely vanishes upon complexa-

tion with metal cations because of disruption of the pseudocyclic structure. The spectroscopic and

luminescence parameters, stability and substitution constants were calculated. The relaxation scheme of

the 1·3 singlet state excited by a 25 fs laser pulse was proposed. It includes very fast vibrational relaxation

and direct (τCT-d = 0.32 ps) and back (τCT-b = 0.51 ps) electron transfer resulting in complete fluorescence

quenching. The quantum-chemistry calculations revealed the species taking part in the ET process and

elucidated the mechanism of relaxation of the excited complex.

Introduction

The first ultrafast spectroscopic investigation of electron
photo-transfer in donor–acceptor complexes using transient
absorption and fluorescence spectroscopy was carried out by
the Mataga group for pyrene-pyromellitic dianhydride (PMDA)
systems.1 Later, various donor–acceptor systems connected by
single covalent bonds (D–A)2,3 or flexible carbohydrate chains
(D-b-A)4,5 have been studied. Initially, decreasing the exponential
dependence (instead of the bell-shaped one) between the driving
force −ΔGIP and charge recombination rate constants was
shown for contact D–A complexes in acetonitrile.2 It was found
that variation of electronic coupling and the distance between

the D and A units can influence the process of their separation
and recombination. Usually charge separation in such systems
correlates with solvent relaxation time, but sometimes it occurs
more rapidly. In many cases the excited state relaxation kinetics
are bi-exponential. Non-exponential kinetics can be observed
when charge transfer is solvent controlled or accompanied by
possible intramolecular conformational changes.6 When single
bond deformation within the complex affects the averaged inter-
chromophore D–A angle, spectral-kinetic parameters are con-
siderably dependent upon viscosity.7 Numerous studies in this
field are presented in an extensive review.8

However, the transient absorption studies of D-b-A com-
plexes, wherein the donor is connected with the acceptor via
several hydrogen bonds, are scarce. We continue the studies of
the thermodynamic and photophysical properties of the com-
plexes between (E)-bis(18-crown-6)stilbene (1), alkaline and
alkaline-earth metal cations and the dynamics of photo-
induced electron transfer in the hydrogen-bonded
donor–acceptor complexes of bis(18-crown-6)stilbene with the
ammonioalkyl derivatives of (E)-1,2-di(4-pyridyl)ethylene (4, 5),
4,4′-bipyridine (2, 3) and 2,7-diazapyrene.9–11 Their high
thermodynamic stability is achieved via cooperative inter-
molecular coordination of both NH3

+ acceptor groups with two
crown-ether fragments of the donor. Variations of the inter-
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chromophore distances in such bi- and trimolecular com-
plexes D·A and D·A·D influence the intensities of charge-trans-
fer (CT) absorption bands12 and the parameters of intra-
molecular electron transfer.9,10 Variations in the electron-with-
drawing abilities of the central acceptor moiety and the length
of ammonioalkyl fragments affect spectral-luminescence para-
meters, stability, substitution, and dissociation constants.
Similar to the related bis(crown-ether) derivatives of distiryl-
benzene,13 the complexes of bis-crown stilbene may be viewed
as fluorescent chemosensors. In this work we established the
stoichiometry of the substitution reaction between complex 1·3
and alkaline and alkaline-earth metal cations. The substi-
tution constants were calculated for cations (strong and weak
competitors). A relaxation scheme was proposed for the
excited singlet state of 1·3.

Experimental

The structural formulas of compounds 1–5, C12 and com-
plexes 1·2 and 1·3 are shown in Chart 1. An efficient synthesis
of stilbene 1 is described in ref. 14. The syntheses of acceptor
compounds 2 and 3 as well as compounds 4 and 5 are
described in ref. 15, 14 and 16, respectively. 1H NMR spectra
were obtained with a Bruker DRX500 instrument. 1,1′-Bis
(3-ammoniopropyl)-4,4′-bipyridinium tetraperchlorate (1·3)
1H NMR (MeCN-d3, 500.13 MHz, 25 °C) d: 2.41, (m, 4H,
2 CH2CH2N, 3.13 (m, 4H, 2 CH2NH3), 4.72 (t, J = 7.7 Hz, 4H,
2 CH2N), 8.47 (d, J = 6.7 Hz, 4H, 2 3-H, 2 5-H), 8.97 (d, J =
6.7 Hz, 4H, 2 2-H, 2 6-H).

Steady-state absorption and fluorescence spectra were
obtained at 298 K with a Shimadzu-3100 spectrophotometer,
as well as with PerkinElmer LS-55 and Elumin-2M spectro-
fluorimeters. The fluorescence quantum yields were deter-
mined by comparing the areas under the corrected fluo-
rescence spectra of degassed solutions of the samples and that
of quinine bisulfate in 1 N H2SO4 (Φf = 0.546).17 The solutions
were degassed by bubbling nitrogen through them for 15 min,
except for quinine bisulfate in 1 N H2SO4. The details of transi-
ent spectra measurements were described in our previous pub-
lication.18 The corrected transient absorption spectra were sub-
jected to a global fitting procedure based on the alternating-
variable descent method supposing triexponential decay. The
global fitting procedure implies that the resulting character-
istic times, unlike the pre-exponential factor or the constant
term, do not depend on the detection wavelength. The calcu-
lation was performed using the set of experimental data for
the 400–800 nm range from 0 to 3 ps. The procedure implied
minimization of the root-mean-square deviations between the
experimental and theoretical data matrices, calculated by vari-
ation of the characteristic times τi. The calculations were
carried out using a script composed of standard MATLAB
6.0 functions. The average uncertainty was ∼5%. The deconvo-
lution was not carried out. Spectral grade purity (Merck) Li,
Na, K, Mg, Ca, and Ba perchlorates were dehydrated by drying
in vacuo (0.01 mm Hg) at 200 °C for 5 h in a VacuCell

apparatus. All measurements were carried out with freshly
prepared solutions in acetonitrile (Fisher, HPLC gradient
grade, water content 0.0021%) and freshly distilled butyro-
nitrile (Merck) at 298 K.

The fluorescence spectra of 1 and 1·3 in butyronitrile at
77 K were recorded on an Elumin-2M spectrofluorimeter using
a specially designed micro-Dewar vessel. The substitution con-
stants were calculated with the “Equilibrium” program based
on a multivariable nonlinear least-squares method.19 The
stability constant of 1·3 was determined by means of a guest-
competitor titration method. Average uncertainty amounted to

Chart 1 Structures of 1–5, C12, and 1’–3’ and complexes 1·2, 1·3, and
1’·3’.
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∼10%. To avoid minor dissociation of complex 1·3 caused by
traces of water in acetonitrile, the fluorescence spectra of the
1·3/MeCN/metal perchlorate system were obtained in solutions
of 1·3 with a 4-fold excess of acceptor 3.

Quantum chemical calculations were performed using the
GAMESS (US)20,21 program package with the 6-31G(d,p) basis
set. The geometry of the complex in its ground state was
optimized by means of DFT; its excited states were optimized
by means of TDDFT. We used a BHHLYP functional with
empirical dispersion correction version 3 with Becke–Johnson
damping22 for the ground state; the excited states were opti-
mized without dispersion correction. The environmental
effects were included via the solvation model density conti-
nuum model.23 The S0 → Sn absorption, emission, and S1 → Sn
absorption spectra were calculated using the Firefly v.8.2
program package24 by means of the state-averaged complete
active space self-consistent field (SA-CASSCF)25–29 improved
by second-order quasi-degenerate perturbation theory
(XMCQDPT2).30 The spectra were calculated for a model
system 1′·3′ consisting of 1,2-bis(3,4-dimethoxyphenyl)ethene
(1′) as a donor, 1,1′-dimethyl-4,4′-bipyridinium (3′) as an accep-
tor, and two ammonium cations. The geometrical parameters
of the model system were the same as those of the entire
complex in the corresponding state. The environmental effects
were included via the dielectric polarizable continuum DPCM
model.31 The active space included 8 electrons in 12 orbitals.
The density matrix was averaged over 11 lowest singlet states
(XMCQDPT2//SA(11)-CASSCF(8,12)/6-31G(d,p)/DPCM). The
charge distributions in the ground and excited states of the
complex were found from the Mulliken charges on the donor
and acceptor fragments.

Results and discussion
Ground state complexation and substitution reactions

The addition of 3 to solutions of 1 in acetonitrile induces weak
hypsochromic and pronounced hypochromic shifts in the
absorption spectra.

The broad absorption band of a very low intensity appears
in the long-wave region. It was attributed to the charge-transfer
(CT) band (Fig. 1). Within the error of 0.002 absorbance units,
the absorption spectra of the main band have 3 linearly inde-
pendent components. Mainly pseudocyclic complex 1 : 1 is
formed in diluted solutions at low concentrations of reactants.

1þ 3$K1 1 � 3 ð1Þ
According to quantum-chemical calculations, the aromatic

donor and acceptor moieties of 1·3 are non-planar in the
ground state (Fig. 2). The BHHLYP/6-31G(d,p) optimized di-
hedral angle between the two pyridyl fragments of viologen is
∼39°, which agrees with the X-ray crystal data.15

The calculation of the S0 → Sn transition parameters of 1′·3′
by XMCQDPT makes it possible to verify that the CT state is
not an artifact. The calculation (Table 1) allows us to assign
the S0 → S1 transition to the charge transfer (CT) from the

HOMO localized on the donor to the LUMO localized on the
acceptor (Chart 2). The charge distribution in 1′·3′ changes
upon excitation from +0.07 (stilbene)/+1.93 (viologen) to
+0.99/+1.01. Electron transfer transforms the donor and the
acceptor into radical cations.

The BHHLYP/6-31G(d,p) optimized structure of the CT state
of the complex is more planar than the ground-state one. The
inter-chromophore distance slightly increases.

Fig. 1 Absorption spectra of 1.3 × 10−5 M 1/MeCN/3 at 0, 1.13 × 10−6,
2.75 × 10−6, 4.78 × 10−6, 7.10 × 10−6, 9.64 × 10−6, 1.23 × 10−5, and 1.3 ×
10−5 M of 3 (curves 1 to 8). CT band of 1·3 at 1.3 × 10−5 M of 3, T =
298 K. Inset: Fluorescence spectra of 1.3 × 10−5 M 1/MeCN/3 at 0, 5.7 ×
10−8, 1.14 × 10−7, 1.69 × 10−7, 3.31 × 10−7, 6.31 × 10−7, 1.16 × 10−6, 1.98 ×
10−6, 2.60 × 10−6, 3.09 × 10−6, 3.47 × 10−6, and 6.95 × 10−6 M of 3
(curves 1 to 12). λexc = 300 nm (isosbestic point), T = 298 K.

Fig. 2 Structures of 1·3 in the ground (S0), charge transfer (CT) and
local excited (LE) states.
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The formation of the complex is accompanied by fluo-
rescence quenching, which is typical of the process of electron
transfer (Fig. 3). Spectral shifts of any kind were absent. The
calculated fluorescence spectrum of the model stilbene 1′ exhi-
bits a strong S1 → S0 band at 341 nm, while the S1 → S0 tran-
sition in the model complex 1′·3′ is almost forbidden. The fluo-
rescence quantum yield for 1·3 is quite low which can be
explained by a small (∼0.8 eV) calculated S1–S0 energy gap and
low oscillator strength resulting in efficient nonradiative
deactivation.

Usually such complexes demonstrate high thermodynamic
stability (log K1 > 7). Therefore, to obtain an amended value for
the constant we employed spectrofluorimetric competition
titration. Log K1 was calculated with eqn (2):

log K1 ¼ log Kc � log K s ð2Þ

where K1 is the stability constant, while Kc is the formation
constant for complex 1·C12 in reaction (3) (log Kc = 8.59)15 and
Ks is the substitution constant of complex 1·3 with acceptor
C12 in reaction (4) (Fig. 3, inset).

1þ C12$Kc 1 � C12 ð3Þ

1 � 3þ C12$Ks 1 � C12þ 3 ð4Þ

The value of log Ks = −0.91 was obtained by the analysis of
fluorescence spectra for 1·3/MeCN/C12 in reaction (4). The

initial 4-fold excess of acceptor 3 was taken into consideration.
The substitution constant was calculated with eqn (5):

c1C12

c1C12max
¼ 1

2cDA0
�ðcA0 þ Ks½C12�Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcA0 þ Ks½C12�Þ2 þ 4KscDA0 ½C12�

q� �

ð5Þ

where c1C12=c1C12max represents the ratio of current to maximum
concentrations of 1·C12, attained at the excess of C12; cA0 and
cDA0 represent the initial concentrations of 3 and 1·3, respect-
ively. Since 1·3 exhibits a very weak fluorescence (Φf < 0.001),
we took the ratio under the fluorescence spectra of 1·3/MeCN/
C12 as c1C12=c1C12max . The required log K1 = 9.5 (9.15, 1H NMR
titration15) was calculated using eqn (2). Despite the high
stability of 1·3, the stability constants of complexes 1 : 1 and

Table 1 Calculated structural (BHHLYP-D3) and spectral (XMCQDPT2)
parameters of 1·3 in the ground, charge transfer, and local excited states

Parameter S0 CT LE

θvv, ° 39 6 38
θss, ° 30 19 11
Θvs, ° 22/46 7/13 12/17
lD–A, Å 4.17 4.23 5.4
ΔECT, eV 1.89 0.82 1.33
ΔELE, eV 4.13 3.80 3.63
fCT 0.007 0.008 9.6 × 10−5

fLE 0.88 1.16 1.27

θvv is the angle between two pyridyl rings (planes V1 and V2); θss is the
angle between two phenyl rings (planes S1 and S2); Θvs are the angles
between phenyl and pyridyl rings (planes V1 and S1 and V2 and S2,
respectively); and lD–A is the D–A distance. ΔECT is the energy gap
between the S0 and CT states in the geometry of the S0 state (second
column), in the geometry of the CT state (third column); and in the
geometry of the LE state (fourth column). ΔELE is the energy gap
between the S0 and LE states in the geometry of the S0 state (second
column), in the geometry of the CT state (third column), and in the
geometry of the LE state (fourth column) calculated for the model
complex 1′·3′. fCT and fLE are the corresponding oscillator strengths.

Chart 2 The orbitals of 1’·3’ with the largest contribution to the LE and
CT transitions.
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1 : 2 between stilbene 1 and 1-(3-ammoniopropyl)-4-methyl-
pyridinium diperchlorate are moderate (log K1:1 = 4.6, log K1:2 =
2.9).14 Alkali and alkaline-earth metal cations possess a larger
affinity to bis-crown cavities than ammonium; therefore they
displace it during the substitution.

The addition of Ba, Ca, K, Li, Na, and Mg perchlorates to
solutions of 1·3 in acetonitrile induces noticeable blue
and hyperchromic shifts of the main absorption band. For Ba,
Ca, and K perchlorates we observed indistinct isosbestic
points, while for Li, Na, and Mg perchlorates clear-cut
isosbestic points were detected. In both cases the weak CT
band of 1·3 is completely quenched. The character of
quenching is not linear, which implies that this is a stepwise
process. In all the cases the presence of three types of com-
plexes (1·3, 1·Mn+, and 1·(Mn+)2) was confirmed by means of
the Wallace–Katz method.32 In all systems but 1·3/MeCN/
KClO4, the absorption spectra have 3 linearly independent

components. It allows us to propose the following reaction
mechanism:

1 � 3þMnþ $KS1 1 �Mnþ þ 3 ð6Þ

1 �Mnþ þMnþ $KS2 1 � ðMnþÞ2: ð7Þ

As the complexes 1·Mn+ and 3·1·Mn+ are intermediates, they
exist in solutions only in trace amounts. Spectral-thermo-
dynamic parameters of the product 1·(Mn+)2 are shown in
Table 1.

Comparing the reported log K1:2
s values with related ones

published earlier for reaction (8) 11 (Table 2), it is apparent
that substitution constants of 1·3 are lower than the corres-
ponding stability constants of 1·(Mn+)2

1þ 2Mnþ $K
1::2
a 1 � ðMnþÞ2: ð8Þ

Obviously it can be interpreted as a requirement for
ammonium to be rejected from the bis-crown cavities. The
most significant decrease in the values of the constants is
observed for Ca2+ and Ba2+. Nevertheless, they remain strong
competitors. At low concentrations of salts the absorption
spectra at the 334 nm band and also the fluorescence spectra
of the 10−5 M 1·3/MeCN/2.5 × 10−4 M Ca(ClO4)2 and 10−5 M
1/MeCN/2.5 × 10−4 M Ca(ClO4)2 systems are identical. This indi-
cates the detachment of two ammonioalkyl acceptor chains
from the bis-crown during the substitution. As with the stability
constants, the smallest substitution constants were obtained for
compact Li+ and Mg2+ cations. In fact the absorption spectra of
the 8.4 × 10−6 M 1·3/MeCN/0.5 M LiClO4 and 8.4 × 10−6 M
1/MeCN/0.5 M LiClO4 systems are different (Fig. 4).

Apparently, with Li+ being a weaker competitor, it gives a
lower product yield of the product (1·(Li+)2). This was also sup-
ported by the fluorescence spectra. Upon increasing the LiClO4

concentration up to 0.5 M the fluorescence intensity maximum
in the first system amounts to only 42% of that for the second
system (Fig. 4, inset). For the K+ and Na+ cations with more pro-
minent acceptor abilities, the yield of 1·(Mn+)2 is higher.

The fluorescence spectra of 1·3 in a low temperature glassy
matrix of PrCN do not exhibit a noticeable increase in intensity
and the appearance of a distinct oscillatory structure at 77 K,

Fig. 3 Fluorescence spectra of the system: 1·3/MeCN/C12 at ∼7.4 ×
10−6 M of 1, ∼3.0 × 10−5 M of 3, and 0, 6.11 × 10−6, 1.81 × 10−5, 3.54 ×
10−5, 6.03 × 10−5, 9.14 × 10−5, 1.27 × 10−4, 1.66 × 10−4, 2.13 × 10−4, 2.73
× 10−4, 3.53 × 10−4, and 9.22 × 10−4 M of C12 (curves 1 to 12). λexc =
342 nm (isosbestic point), T = 298 K. Inset: Ratio of areas under fluor-
escence spectra vs. concentration of acceptor, Smax – the same area
with the acceptor in excess. The smooth curve depicts the theoretical
dependence fitted using Eq. 5.

Table 2 Absorption maxima (λmax
a ), molar absorption coefficients at the absorption maxima (εmax

a ), substitution constants (log K1:2
s ) for 1·3 and stabi-

lity constants (log K1:2
a ) for 1 in MeCN at 298 K, the diameter of metal cation

Salt λmax
a 1 : 2, nm εmax

a × 10−4 1 : 2, M−1 cm−1 log K1:2
s , M−2 a log K1:2

a , M−2,11 Diameter of metal cation, Å

LiClO4 332 3.38 2.0 3.7 1.36
NaClO4 333 3.77 5.6 7.8 1.94
KClO4 332 3.41 6.6 7.1 2.66
Mg(ClO4)2 329 3.53 3.5 3.7 1.32
Ca(ClO4)2 329 3.51 4.3 15.6 1.98
Ba(ClO4)2 329 3.39 4.4 16.7 2.68

aDue to negligible absorption of 3 in the 330–400 nm range, log K1:2
s was calculated for the following scheme: 1·3 + 2Mn+ ↔ 1·(Mn+)2. 1 in MeCN:

λmax
a = 336 nm, εmax

a = 3.57 × 104 M−1 cm−1, λmax
f = 386 nm, Φf = 0.4. 3 in MeCN: λmax

a = 259 nm, εmax
a = 2.69 × 104 M−1 cm−1, λmax

f = 354 nm, Φf =
0.034. 1·3 in MeCN: λmax

a = 335 and 492 nm (CT band), εmax
a = 3.08 × 104 M−1 cm−1 and 208 M−1 cm−1 (CT band), log K1 = 9.5, Φf < 0.001.
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as opposed to 1. It points to a barrier-less electron transfer
process, which does not require significant adjustments in the
solvation shell.

Transient absorption spectroscopy

To describe the evolution of the transient spectra of 1 and 1·3,
mono- and polyexponential models were used, respectively.
The differential optical densities ΔD(λ, t ) of 1 in acetonitrile,
either free or fully complexed with 3, were measured after exci-
tation with a 25 fs, 330 nm pump pulse (close to the isosbestic
point) in the 500 ps time range. The evolution of the spectra
for stilbene 1 in the range of 0 to 1 ps can be described as an
emergence of a single broad band with its peak at 561 nm. In
the range of 1 to 6 ps this band does not change noticeably.
Then, in the range of 5–500 ps the band undergoes mono-
exponential decay with the characteristic time of 0.325 ns. The
transient spectra of 1·3 on the femtosecond-picosecond time
scale in the 425–775 nm range at excitation in the main
absorption band are shown in Fig. 5.

The evolution of the spectra involves three stages. During the
first 150 fs, a broad single band with its peak at 566 nm arises.
Then, up to 0.6 ps the band is subjected to quenching with a
monotonous blue shift of up to 43 nm. After that we observe
gradual quenching without shifts in the 0.6–3 ps range.

A theoretical calculation of S1 → Sn absorption spectra of a
model complex and its components (stilbene 1′, viologen 3′,
and their radical cations) led us to the following scheme of the
processes that take place after the 1·3 complex is excited to its
most intense absorption band (Fig. 6).

The complex is excited to the LE state localized on stilbene
(the experimental absorption wavelength is 330 nm; the calcu-
lated value is 315 nm). The calculation of the model complex

shows an intense S1 → Sn absorption band from the LE state
localized on stilbene (the calculated value is 586 nm) in the
wavelength range of interest (400–800 nm), which corresponds
to the calculated S1 → Sn absorption bands at 559 and 585 nm
in the model stilbene 1′ and to the experimentally observed
band at 566 nm.

The increasing absorption in this range during 150 fs after
excitation can be explained by the relaxation of the vibration-
ally excited LE* state to the minimum of the LE state through
chromophore vibrations and solvent reorganization.

LE* ! LE ðk1Þ

This relaxation rate can be explained by a rather long deco-
herence time, ∼100 fs in the LE state due to the proximity of

Fig. 4 Absorption spectra of 1/MeCN (1), 1/MeCN/0.5 M LiClO4 (2), 1·3/
MeCN (1’), and 1·3/MeCN/0.5 M LiClO4 (2’). The concentrations of 1 and
1·3 are 8.85 × 10−6 M, T = 298 K. Inset: Fluorescence spectra of 1/MeCN
(1), 1/MeCN/0.5 M LiClO4 (2), and 1·3/MeCN/LiClO4 at 0, 1.923 × 10−2,
5.357 × 10−2, 8.333 × 10−2, 0.1094, 0.1377, 0.1667, 0.1988, 0.2312, and
0.5 M of LiClO4 (curves 1’ to 10’). λexc = 335 nm, the spectra are normal-
ized to equal absorbance at λexc, [1] = [1·3] = 8.85 × 10−6 M, T = 298 K.

Fig. 5 Differential absorption of 1·3 (∼1.4 × 10−4 M) in MeCN. The time
increments: (a) 0.02 ps (0–0.15 ps); (b) 0.1 ps (0.15–1.95 ps). Arrows
depict the direction of the time axis.

Fig. 6 Relaxation pathways for the excited singlet state of 1·3.
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the minima of the ground and LE states.34 A further blue shift
of the band corresponds to the charge transfer and absorption
of the CT state of the model complex (calculated value
500 nm), which corresponds to the D0 → Dn absorption of the
radical cation of the model stilbene 1′ (the calculated value is
506 nm and the experimental value is 523 nm). According to
our calculation, a radical cation of the model viologen 3′ also
absorbs in this region (560–580 nm, D0 → Dn) with low inten-
sity, which explains an incomplete decay of the band at
550–570 nm simultaneously with the onset of the blue-shifted
band.

The potential energy surface of the CT state is located in
the vicinity of the LE minimum. The energy gap between these
surfaces is small enough to make the nonradiative transition
from the LE to the CT state faster than emission from the LE
state. The experiment shows that no stilbene luminescence is
observed in the complex; therefore, the complex, indeed,
directly goes from the LE to the CT surface. According to
Tully’s surface hopping concept35 this transition does not have
to take place immediately near the LE minimum. The hopping
probability in a given point of the potential energy surface
depends on the nonadiabatic coupling and nuclear velocity in
this point. In a system with a sloped conical intersection36–38

between the LE and CT surfaces, this probability does not have
to exhibit a clear-cut maximum. Therefore, one cannot separ-
ate a vertical downward transition from the LE minimum to
the CT* from the following CT* → CT relaxation. We believe
that hopping from the LE to CT surface occurs simultaneously
with the relaxation of the CT state, and these processes can be
described with a single effective constant. Hence, this process
includes charge transfer followed by viologen planarization
and solvent reorganization.

LE ! CT* ! CT ðk2Þ

Next, the CT state nonradiatively relaxes through back elec-
tron transfer. As a result, the absorption from the stilbene and
viologen radical cations completely decays. This process is the
slowest one. As in the case of LE to CT hopping, hopping from
CT to the ground state surface takes place simultaneously with
relaxation to the ground state minimum through viologen
twisting and solvent reorganization.

CT ! GS* ! GS ðk3Þ

This corresponds to complete decay of transient
absorption.

Therefore, the evolution of the photoinduced absorption
spectra of the complex can be described by the following
differential equations:

d½LE�*
dt

¼ �k1½LE�* ð9Þ

d½LE�
dt

¼ k1½LE�*� k2½LE� ð10Þ

d½CT�
dt

¼ k2½LE� � k3½CT� ð11Þ

Solving these equations leads us to the following
expressions for differential absorption of each state:

ΔDLE*ðλ; tÞ ¼ ε′LE*ðλÞ � e�k1t ð12Þ

ΔDLEðλ; tÞ ¼ ε′LEðλÞ � k1
k2 � k1

ðe�k1t � e�k2tÞ ð13Þ

ΔDCTðλ; tÞ ¼ k1k2ε′CTðλÞ
ðk1 � k2Þðk1 � k3Þðk2 � k3Þ
ðk2 � k3Þe�k1t � ðk1 � k3Þe�k2t þ ðk1 � k2Þe�k3t
� �

ð14Þ
where each of the three arrays: ε′(λ) = ε(λ) × [LE*0] is, in fact, a
spectrum of each intermediate state.

The absorption spectra of the three intermediates, namely
LE*, LE, and CT (Fig. 7), were determined by a global fitting
procedure applied to the whole dataset of 425–750 nm and
0–2.2 ps. Their effective lifetimes were found to be 60, 320,
and 510 fs. Fig. 8 shows the decay kinetic plots of complex 1·3
at the front, peak, and tail of the spectrum as well as the
corresponding concentration curves of LE*, LE, and CT states
(Fig. 8, inset). Fig. 9 shows the potential energy scans of the
complex 1′·3′ with respect to the inter-chromophore distance
for two complex geometries: the closed-shell state (CS,
obtained by unrelaxed scan of the ground-state structure) and
the charge-transfer state (CT, obtained by unrelaxed scan of
the charge-transfer structure and representing a biradicaloid
state). The chromophores in the CS geometry (full lines) are
twisted, while in the biradicaloid geometry (broken lines), they
are planar. At a larger distance between the chromophores, a
more planar structure of the CT state is preferred. At a rela-
tively large distance, which is not accessible in a complex
bonded by short alkyl linkers, state flipping can occur and the
CT′ state can become lower than the CS′ state. As for the non-
planar structure, the closed-shell ground state is the lowest

Fig. 7 The absorption spectra of intermediates resulting from the exci-
tation of the complex 1·3.
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one at any inter-chromophore distances. At large distances the
planar CT′ and non-planar CS states are quasi-degenerate. This
quasi-degeneration favors the efficient nonradiative conversion
from the CT to the closed-shell ground state.

So, we can suggest the following relaxation mechanism: a
twisted LE state, whose geometry only slightly differs from the
geometry of the CS ground state, is quasi-degenerate with the
planar biradicaloid CT state at a distance of 3–4 Å, which is
quite affordable with short alkyl linkers. This quasi-degener-
ation causes fast LE → CT relaxation. Quasi-degeneration of
the planar CT state with either the planar CS′ state or the
twisted CS state is achieved at the distances of 9 Å or longer,
which are not affordable with short alkyl linkers. This explains
relatively slow CT → GS relaxation.

In the series of bis(crown)stilbene complexes with two
different acceptors (bipyrydil and bipyridilethylene deriva-
tives), the alkyl chain lengths of the acceptors and the inter-
chromophore D–A distances correlate to some extent with the
charge transfer parameters S0 → CT and CT → S0 (Table 3). As
the alkyl chain increases from two to three methylene links,
the molar extinction coefficient and the frequency of the
S0 → CT transition slightly increase together with the electron
back-transfer time, which can be associated with the increased
donor–acceptor distance.

Conclusion

An efficient substitution reaction takes place upon the inter-
action of donor–acceptor complex 1·3 with alkali and alkaline-
earth metal perchlorates in acetonitrile. The reaction results in
the substitution of two ammonioalkyl linkers by metal cations
with the formation of the fluorescing product 1·(Mn+)2. The
thermodynamic and kinetic parameters of 1·3 and 1·(Mn+)2
were determined. Complex 1·3 may be viewed as an optical
sensor for metal cations. The subpicosecond characteristic
times of direct and back electron transfer in the supramolecu-
lar complex 1·3 were determined by means of femtosecond
transient absorption spectroscopy. The nature of the excited
states of 1·3 is elucidated and a reliable mechanism of photo-
induced charge transfer and further relaxation is suggested
with the use of quantum chemical calculations.
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