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Photoprocesses in bis(15-crown-5)-1,3-distyrylbenzene (DSB) and its complexes with barium and lead per
chloatewere studied in MeCN by absorption, luminescence, and laser kinetic spectroscopy. The triplet DSB
molecules are involved in the degradation of electronic excitation energy, together with fluorescence processes.
The most efficient intersystem crossing accompanied by a decrease in the DSB fluorescence quantum yield,
occurs for the lead perchlorate complex. Using quantum chemistry methods (DFT and TDDFT), the geometry,
structure, and transition energies to the S1 state were calculated for trans- and cis-isomers of DSB in the gas phase
and with allowance for the solvent and for 1:1 and 2:2 DSB complexes with barium cation in the ground and
excited states. The orbital structures of the 2:2 complexes were calculated by ab initio method, and conclusions
were drawn about the possibility of [2 + 2]- photocycloaddition reaction.

1. Introduction
Crown-containing unsaturated compounds, in particular, bis-crowncontaining distyrylbenzenes (DSB) are of considerable interest as pho
toactive components of supramolecular systems [1]. Molecules of these
compounds are able to form supramolecular assemblies when com
plexed with metal cations [2]. Distyrylbenzenes are characterized by
relatively high quantum yields of fluorescence [3,4]. The presence of
– C bonds in these molecules brings about additional possibilities
two C–
for photoswitching [5,6], which makes the compounds promising for the
development of light-sensitive materials for data recording. This feature
and some other properties make distyrylbenzenes attractive molecules
for the design of photoactive materials: organic light-emitting diodes,
materials for solar batteries, nonlinear-optical materials, and chemical
sensors [7–12].
Previously, we studied the photonics of bis(15-crown-5)-1,4-dis
tyrylbenzene (II) and its complexes with metal cations [13] and
demonstrated that the complex formation of II with barium and lead
perchlorates is accompanied by transfer of the molecule to the triplet
state. This is accompanied by a considerable decrease in the fluorescence
quantum yield. The calculations also showed that II can form 2:2 bis-
sandwich complexes with barium perchlorate (Scheme 1).

This study addresses bis(15-crown-5)-1,3-distyrylbenzene (I) and the
complexes it forms with barium and lead perchlorates. Photo
transformations of dye I and its metal complexes were studied by laser
kinetic spectroscopy. Our goal was to establish the existence of inter
mediate products of photoreactions, in particular, the triplet state of I
and its complexes and to compare the results with experimental data
obtained for II. In addition to experimental studies, quantum chemical
calculations were carried out.
2. Experimental procedure
2.1. Materials and methods
Bis(15-crown-5)-1,3-distyrylbenzene was synthesized according to
the procedure described in reference [14]. The synthesis protocol and
characterization data (1H NMR, 13C NMR, mass spectrum and elemental
analysis) are given therein.
The absorption spectra of dye I were obtained on an Agilent 8453
spectrophometer. Luminescence spectra were recorded on a Varian
Eclipse spectrofluorimeter. The difference absorption spectra of the
photoproducts and the reaction kinetics were measured on a nanosecond
laser photolysis setup [15]. Irradiation was performed with the third
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Scheme 1. Structures of bis(15-crown-5)-1,3-distyrylbenzene (I) and bis(15-crown-5)-1,4-distyrylbenzene (II).

Fig. 1. Absorption spectra of I in the absence (1) and in presence (2, 3) of Ba(ClO4)2 (a) and Pb(ClO4)2 (b). Concentrations: I, 2 × 10–5; metal salts, 1 × 10–5 (2),
2 × 10–4 (3) mol/L. The inset shows the absorption spectra of II in the absence (1) and in presence of Pb(ClO4)2 (2) and Ba(ClO4)2 (3). Concentrations: II, 1 × 10–5;
metal salts, 3 × 10–4 mol/L.

harmonic of a Solar laser (λ =355 nm). The dissolved oxygen was
removed by bubbling argon through the solution. The stationary irra
diation of dye solutions was performed using a DKSSh (Hg-150 lamp)
with a UFS-2 filter. 9,10-Diphenylanthracene (the quantum yield is 0.92
in ethanol [16]) was used as the standard for measuring fluorescence
quantum yields. The accuracy of quantum yield determination was 10
%. Potassium perchlorate (monohydrate), lead perchlorate (trihydrate),
and barium perchlorate (Merck) were used as received. The measure
ments were carried out in MeCN (special purity grade, brand 0, Cry
ochrome) at room temperature.

2.2. Calculation procedure
Quantum chemical calculations were performed by ab initio and DFT
methods. Geometry optimization for trans- and cis-isomers of I in the gas
phase and in the presence of a solvent and for barium complexes of I —
I⋅Ba2+ and double-decker complex 2I⋅2Ba2+ — in the ground S0 state
was carried out by the ORCA software [17] in the def2-SVP basis set [18]
with the PBE0 functional [19] with inclusion of the dispersion correc
tion D3 [20]. The transfer energies and structures of trans- and cis-I in
the excited S1 state were calculated at the TDDFT/PBE0/def2-VP level
for the gas phase and in terms of the polarized continuum model (PCM)
to account for solvent effects. Earlier the calculations performed with
this functional including 20–25 % HF exchange were shown to result in
qualitative agreement with the structure and energetics of excited states
obtained by XMCQDPT2/CASSCF calculations [21]. The structures of I
and complexes I⋅Ba2+ and 2I⋅2Ba2+ in the electronically excited S1 state
were optimized by the TDDFT/PBE0/def2-VP method. The orbital
structures and formation energies of I⋅Ba2+ and 2I⋅2Ba2+ in the excited
state were found, for higher reliability, by ab initio calculations in the
def2-TZVP three-exponential basis set with and without the inclusion of
the dispersion correction D3. The ab initio calculation level is fully
designated as ground S0 state was found by subtracting twice the energy
of the fully optimized complexes Etotal(I⋅Ba2+) from the optimized en
ergy Etotal(2I⋅2Ba2+). The complex formation energy in the excited S1
state, ΔE*compl, was determined by subtracting the sum of Etotal (I⋅Ba2+)
and E*total(I⋅Ba2+) from the energy of the fully optimized complex E*total
(2I⋅2Ba2+).

Fig. 2. Fluorescence I (1) and fluorescence excitation (2) spectra. Concentra
tion of I: 2.5 × 10− 6 mol/L. λexcit =330 nm (1), λfl =420 nm (2).
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Fig. 3. Fluorescence spectra of I in the absence (1) and in presence (2-4) of Ba
(ClO4)2. Concentrations: I, 2.5 × 10–6; Ba(ClO4)2, 1.25 × 10–6 (2), 2.5 × 10–6
(3), and 5 × 10–6 (4) mol/L. The inset shows the fluorescence spectra of II in the
absence (1) and in presence of Ba(ClO4)2 (2) and Pb(ClO4)2 (3). Concentrations:
II, 5 × 10–6; metal salts, 6 × 10− 5 mol/L.

Fig. 4. Photoinduced absorption difference spectra measured upon laser irra
diation of an oxygen-free solution of I. The spectra weremeasured at 2 (1), 75
(2), and 425 (3) μs after the laser pulse. The inset shows the absorption dif
ference spectra recorded upon laser irradiation of an oxygen-free solution of II
within 2 (1), 75 (2), and 425 (3) μs after the laser pulse.

Table 1
Quantum yields (ϕ) and fluorescence maxima of I and complexes of I with po
tassium, barium, and lead cations. Concentrations: I, 5 × 10–6; metal perchlo
rates, 1 × 10–5 mol/L.
Compound

I

I + Ba2+

I + Pb2+

I + K+

ϕ
λmax, nm

0.47
423

0.46
416

0.05
416

0.48
423

constants of the complexes.
3.2. Kinetic spectroscopy
Fig. 4 shows the difference spectra of photoinduced absorption
measured upon laser irradiation of an oxygen-free solution of I within 2,
75, and 425 μs after the end of the laser pulse. The difference spectra
show the bands of increasing absorption at 400− 550 nm and
600− 750 nm. For comparison, the inset shows similar difference spectra
measured at the same time points for compound II.
As can be seen from the Figure, the difference spectrum measured
upon laser excitation of an oxygen-free solution of II differs considerably
from the corresponding spectrum of I. In the case of II, the absorbance in
the major absorption region decreases and two absorption bands appear
at λmax = 600 and 700 nm.
Fig. 5 shows the kinetic curves for the photoinduced change in the
absorbance measured at the band maxima of the difference spectrum:
λmax =480 nm (a) and 700 nm (b).
The dependence of the kinetics of decrease in the photoinduced ab
sorption on the air oxygen concentration in the solution attests to either
T-T absorption or transformation of radical reaction products. The ki
netics for the change in the absorbance at a millisecond time scale is
biexponential, with the observed rate constants being 6 × 104 s− 1 and
8 × 103 s− 1 at 480 nm for oxygen-free solutions. The presence of air
oxygen mainly affects the change in the absorbance (ΔA) at 480 nm. No
effect of air oxygen on the absorbance or the kinetics of absorbance
change at 680 nm is observed. The effect of air oxygen in the micro
second time scale is illustrated in the inset of Fig. 5a. Despite the simi
larity of the rate constants for the transformation of photoreaction
intermediates at λmax = 480 and 680 nm, different photoproducts are
presumably formed at these wavelengths, as indicated by the kinetic
curves depicted in the insets of Fig. 5a and b. The observed photo
conversion is not related to the trans-cis-isomerization, since according
to the quantum mechanical calculation (see below), the absorption band
of the cis-isomer occurs at shorter wavelengths than the trans-isomer
band.
In order to confirm participation of the triplet state in the photo
conversions of I, we measured the spectrum and the kinetics for the
photoinduced change in the absorbance of I in the presence of benzo
phenone, as a sensitizer taken in excess with respect to I. The results are
depicted in Fig. 6.
Qualitatively, the difference spectrum and the kinetics for the

3. Experimental results and discussion
3.1. Absorption and fluorescence spectra
Fig. 1 shows the absorption spectrum of I in the absence (1) and in
presence (2, 3) of metal perchlorates. The spectrum of I is poorly
resolved and consists of a band with λmax =330 nm and two shoulders
with maxima at 305 and 350 nm.
In the presence of metal perchlorates, the spectrum of I shows a blue
shift of absorption maximum, with the maximum shifted for 5 and 20 nm
depending on the metal salt concentration. The concentration depen
dence of the spectra indicates that complexes of different composition
may exist. The inset in the Figure presents the absorption spectra of II in
the presence of barium and lead cations. 1,3-Distyrylbenzenes absorb at
shorter wavelengths (λmax = 329–331 nm) than 1,4-distyrylbenzenes
(λmax = 370–372 nm), which is due to efficient π-conjugation over the
whole chromophore in the case of 1,4-disubstitution. In 1,3-disubsti
tuted benzenes, the conjugation is substantially disrupted or absent;
therefore, their absorption spectra can be approximately considered the
sum of the spectra of two independent stilbene moieties.
Fig. 2 shows the fluorescence and fluorescence excitation spectra of I.
The fluorescence excitation spectrum almost coincides with the ab
sorption spectrum of I. A considerable Stokes shift (90 nm) is observed
between the fluorescence and fluorescence excitation maxima. Fluo
rescence spectra of I in the absence (1) and in presence of Ba(ClO4)2 (24) are shown in Fig. 3.
In the presence of barium cations, fluorescence intensity slightly
decreases, while in the presence of lead cations, it considerably de
creases (by a factor of 10), and the fluorescence maxima slightly shift to
shorter wavelengths (by 7 nm). Table 1 summarizes the absorption
maxima and fluorescence quantum yields of I and metal cation com
plexes of I.
It is noteworthy that the slight differences between the absorption
and fluorescence spectra of free compound I and the complexes
considerably complicated determination of the corresponding stability
3
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Fig. 5. Kinetic curves for the photoinduced change in the absorbance of I for air-saturated (1) and oxygen-free (2) solutions at λ =480 nm (a) and for oxygen-free
solution at 680 nm (b). The insets show the kinetic curves for the change in absorbance on an enlarged time scale.

photoinduced change in the absorbance coincide with those measured
for I in the absence of benzophenone (Fig. 4). However, in the presence
of benzophenone, the photoinduced absorption (ΔA) increases, indi
cating an efficient population of the triplet state of the dye molecule
upon sensitized photoexcitation. It is known that the triplet–triplet ab
sorption maximum of benzophenone is at 525 nm and the triplet lifetime
is 50 μs [16]. This means that the spectrum and the kinetics of the
change in the absorbance shown in Fig. 6 are the consequences of
sensitized population of the triplet level of molecule I.
Fig. 7 shows the kinetic curves for the change in absorbance
measured upon laser excitation I at 480 nm and 680 nm in the absence
(1) and in presence (2) of ascorbic acid. The decrease in the lifetime of
the reaction intermediate in the presence of electron donor indicates
that the intermediate is the cation radical of I (R+⋅).
It is noteworthy that electron acceptors, methyl viologen and paranitroacetophenone, had no effect on the kinetics of photoconversion of I.
•
This may be attributable to the absorption of the anion radical (R− ) in
the short-wavelength spectral region, which hampered recording of the
spectrum because of design features of the setup used for spectral kinetic
measurements.
Kinetic measurements of the change in the photoinduced absorption
on a microsecond time scale (insets of Fig. 5a and b) provided grounds
for interpreting the short-lived intermediates at λ =480 nm as being due
to superposition of T-T absorption and electron transfer processes. Pre
sumably, the electron transfer yielding the radical species may occur as
the reaction of dismutation of molecules in the triplet state [22].

Fig. 6. Photoinduced absorption difference spectra of an oxygen-free solution
of I in the presence of benzophenone, measured at 2 (1), 75 (2), and 425 (3) μs
after the laser pulse. Concentrations: I, 2 × 10− 5; benzophenone, 2.3 × 10− 4
mol/L. The inserts show the kinetic curves for the photoinduced change in the
absorbance at λ = 480 (a) and 680 (b) nm.

Fig. 7. Kinetic curves for the change in the photoinduced absorbance of I in the absence (1) and in presence (2) of ascorbic acid. λ =480 nm (a) and 680 nm (b).
Concentrations: I, 2 × 10− 5; ascorbic acid, 2 × 10− 4 mol/L.
4
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Table 2
The rate constant for the relaxation of reaction intermediates for oxygen-free
solutions of I measured at 480 nm for different concentrations of Pb(ClO4)2.
k1, s−

0
1 × 10−
2 × 10−

6 × 104
3 × 104
4 × 104

5
5

k2, s−

1

8 × 103
5 × 103
3 × 103

in Table 2.
The dependence of the rate constants on the metal cation concen
tration attests to a change in the composition of the complex. It can be
expected that, by analogy with II [23], an increase of the metal cation
concentration should be accompanied by dimerization of the 1:1 com
plex (I⋅Pb2+), yielding the bis-sandwich 2:2 complex (2I⋅2Pb2+). In the
presence of high concentrations of lead perchlorate (≥ 5 × 10− 5 mol/L),
the
cyclobutane
may
be
formed
in
the
course
of
[2 + 2]-photocycloaddition [24,25].
In the case of bis(15-crown-5)-1,4-distyrylbenzene (II), three equi
libria were detected in the presence of metal cations, depending on the
metal cation concentration [23].

Fig. 8. Photoinduced absorption spectra of oxygen-free solution of I in the
presence of Pb(ClO4)2 measured at 2 (1), 75 (2), and 425 (3) μs. The inset shows
the kinetic curves for the change in the photoinduced absorption of oxygen-free
solutions at 480 nm in the absence (1) and in presence of Pb(ClO4)2 (2). Con
centrations: I, 2 × 10− 5; Pb(ClO4)2, 2 × 10− 5 mol/L.

L + M n+ →L⋅M n+

(1)

L⋅M n+ + M n+ →L⋅(M n+ )2

(2)

2L + 2M n+ →(L)2 ⋅(M n+ )2

(3)

where L = II
The kinetic curves of the change in the photoinduced absorption
measured in the presence of Ba(ClO4)2 virtually coincide with analogous
curves measured in the presence of Pb(ClO4)2. In the presence of KClO4,
no cyclobutane formation was observed up to concentration of 2 × 10− 4
mol/L.
The inset of Fig. 8 illustrates the effect of Pb2+ on the photo
conversion kinetics of short-lived photoreaction intermediates. The
presence of Pb(ClO4)2 decreases the rate of dismutation and the yield of
radicals. A specific featurer of the lead cation is that the complex for
mation of I with Pb(ClO4)2 is expected to increase the probability of
intersystem crossing and to decrease the triplet state lifetime due to the
heavy atom effect, as has been observed for II [13]. This is indicated by a
sharp drop of the fluorescence quantum yield in the presence of Pb
(ClO4)2 (Table 1). The absence of noticeable changes in the difference
absorption spectra and in the relaxation times of intermediates
measured in the absence and in presence of Pb(ClO4)2 may be indicative
of a short triplet state lifetime (< 2 μs) and of the formation of radical
species in the photoreaction.

Fig. 9. Kinetic curves for the change in the photoinduced absorption of oxygenfree solutions of I in the absence (1) and in presence of Pb(ClO4)2 in concen
trations of 1 × 10− 5 (2), 2 × 10− 5 (3), and 5 × 10-5 (4) mol/L and λ =480 nm.
The insets show the analogous kinetic curves measured in the absence (1) and
in presence of Ba(ClO4)2 (a) and KClO4 (b). Concentrations: I, 2 × 10− 5; Ba
(ClO4)2, 2 × 10− 5; and KClO4, 2 × 10− 4 mol/L.

T + T →R− ⋅ + R+⋅

1

Concentration
Pb(ClO4)2.

(1)

3.3. Quantum chemical calculations

The absence of quenching of the short-lived product (triplet state)
upon oxygen may be indicative of its short lifetime. Thus, apart from the
triplet state of compound I, which is formed upon the laser pulse, a
relatively long-lived intermediate is formed, as a cation radical.
Fig. 8 shows the difference spectra, and Fig. 9 and the inset of Fig. 8
present the corresponding kinetic curves for the photoinduced absorp
tion of I measured in the presence of lead perchlorate. A difference
spectrum of the same type is also observed for the complex I⋅Ba2+.
The difference absorption spectrum virtually coincides with the
corresponding spectrum recorded for the free dye. The kinetic curves
were measured at the maxima of absorbance change at 680 nm (a) and
480 nm (b) at different concentrations of lead perchlorate. The insets
show the kinetic curves for the change of the absorbance measured for
the complexes I⋅K+ and I⋅Ba2+.
The kinetics in the absorbance is biexponential, with rate constants
depending on the metal cation concentration. The data are summarized

3.3.1. Energy of trans-cis-isomerization
The optimized structure of dye I with atom numbering is depicted in
Fig. 10.
The cis-isomers are formed upon internal rotation around the dihe
dral angles χ1 (28-29-30-14 atoms) or χ2 (17-16-15-12 atoms). In the
– C double bonds formed by the C29–C30 atoms and
ground state, both C–
the C15–C16 atoms occur in the trans,trans-configuration designated by
Itt. The calculations show that, except for the crown ether moieties,
which have somewhat different dihedral angles, the molecule is nearly
planar. Therefore, the electron density is delocalized over the whole
π-system, with the difference that the π-system (unlike that of II) is not
alternant, because of the meta-orientation of 15-crown-5-styryl moieties
(see below). It can be seen in Fig. 10 that the bond lengths in the moi
eties are equal in pairs to the third decimal place.
The trans-cis-isomerization, which occurs via internal rotation
– C bonds upon photoexcitation, may give rise to four
around the C–
5
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Fig. 10. Structure of trans,trans-isomer Itt obtained by calculations at the DFT/PBE0/def2-SVP-D3 level with full geometry optimization (bonds lengths, Å). The
numbering of atoms involved in conformational transformations is shown, carbon atoms are gray, and oxygen atoms are red.
Table 3
Dihedral angles of the conformers of trans,trans-, cis,trans-, and trans,cis-I.
Conformers
of isomeric I

Itt

Ict –1

Ict –2

Itc –3

Itc –4

Numbers
of atoms
26-28-2930
28-29-3014a
29-30-149
26-28-2930
28-29-3014
29-30-149
26-28-2930
28-29-3014
29-30-149
26-28-2930
28-29-3014
29-30-149
26-28-2930
28-29-3014
29-30-149

Angles,◦

Conformers
of isomeric I

2.8
− 174.3

Itt

2.6
− 35.4
− 5.3

Ict –1

− 12.6
31.2
6.9

Ict –2

32.9
6.7
− 173.9

Itc–3

− 1.8
6.7
− 177.5
3.3

Itc –4

Numbers
of atoms
18-17-1615
17-16-1512
16-15-1213
18-17-1615
17-16-1512
16-15-1213
18-17-1615
17-16-1512
16-15-1213
18-17-1615
17-16-1512
16-15-1213
18-17-1615
17-16-1512
16-15-1213

Table 4
Total and relative energies of the conformers of trans,trans-, cis,trans-, and trans,
cis-I.

Angles,◦
− 1.9
− 176.1
− 0.2
5.7

Conformers of I

Etotal,
kcal/mol

ΔEsolv,
kcal/mol

Itt
Ict –1
Ict –2
Itc –3
Itc –4

0
6.9
5.1
1.9
4.2

−
−
−
−
−

a
b

− 179.0

38.6
38.1
36.5
36.8
38.3

λmaxa, nm

λmax-solvb, nm

342.2
329.9
333.2
330.8
336.2

345.5
338.6
344.3
340.8
344.7

In the gas phase.
In a solvent (MeCN + CH2Cl2).

The sizes of dihedral angles attest to a virtually planar structure of
the central part of Itt. However, due to the somewhat different confor
mations of 15-crown-5 ether moieties, the whole molecule loses the
possible Cs symmetry. The dihedral angles χ1 and χ2 for the starting Ict–1
to Itc –4 conformers of the cis-isomer were taken to be 30◦ ; however,
upon optimization, the double bonds assumed an almost planar geom
etry (for cis-forms Ict –1 and Ict –2, χ1 = - 5.3 and 6.9◦ ; and for cis-forms Itc
–3 and Itc –4, χ2 = - 4.4 and 6.6◦ ), while the non-planar conformations of
the four cis-forms found by calculations resulted from rotation of the
other four dihedral angles adjacent to the CC double bonds (Table 3).
The photoexcitation of Itt in solution gives rise to a mixture of all four
conformers of the trans- and cis-forms: Itt, Ict–1, Ict–2, Itc–3, and Itc–4; the
cis-forms would be isomerized back to Itt upon relaxation. It is appro
priate to theoretically estimate the relative energies of these forms in
solution and to calculate the λmax values and their solvatochromic shifts
(Table 4).
A comparison of the Etotal values indicates that Itt is more energeti
cally favorable than all cis-forms, the solvation energies of which, ΔEsolv,
are approximately equal. The negative ΔEsolv values indicate that the
polar solvent stabilizes both trans- and cis-I forms. A comparison of the
absorption maxima of the cis-forms calculated for the gas phase indicates
that going from trans- to cis-isomers is accompanied by a blue shift of the
absorption maximum. The effect of the polar solvent accounts for a red
shift of λmax for trans- and cis-forms of I. Also, the calculated absorption
maxima of cis-forms are blue-shifted with respect to λmax of trans-forms.

9.7
− 2.7
− 179.4
8.9
− 41.0
− 4.4
− 34.3
27.4
6.6
45.5

a

The dihedral angles of the double bonds are typed in italic. Atom numbering is
depicted in Fig. 10.

conformers of cis-forms, which differ in the direction of rotation (either
towards or away from the observer) of the benzo-15-crown-5 ether
moieties. In order to distinguish between them, the conformers of the cis,
trans-isomer formed by rotation at the dihedral angle χ1 (28-29-30-14
carbon atoms) are designed by Ict–1 and Ict–2, while the conformers of
the trans,cis-isomer formed by the rotation at the angle χ2 (17-16-15-12
atoms) are designated by Itc –3 and Itc –4. Since the rotation around the
C28-C29 and C30-C14 bonds located on the left and the C12-C15 and C16C17 bonds located on the right, adjoining the angles χ1 and χ2, is less
hindered than the rotation around the double bonds, the spatial struc
ture of I is characterized by six dihedral angles, which are summarized in
Table 3 for all possible conformers of trans- and cis-isomers.

3.3.2. Formation energy and structure of bis-sandwich complexes
It is known that Ba2+-stabilized sandwich complexes of styryl dyes
and stilbene in which the components are located one above another
undergo [2 + 2]-cycloaddition reaction upon photoexcitation to give
cyclobutane derivatives [24,25]. Since in the presence of Ba(ClO4)2,
6
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the ground S0 and excited S1 states. If the dispersion correction is taken
into account, ΔEcomp values in the DFT approximation are fairly high;
however, this result cannot be verified experimentally. The ab initio
calculation resulted in a lower ΔEcomp. Comparison of the ΔEcomp values
calculated with D3 and without D3 demonstrates a large contribution of
van der Waals interactions to the complex formation energy, which is
not surprising, as both extended planar π-systems of I are held at a
relatively short distance above one another by two barium cations,
which provides for π-stacking interactions between the components. As
can be seen from Table 5, the ΔE*comp value in the S1 state is lower than
ΔEcomp in the ground state. The reason is that the excited state of
2I⋅I*⋅2Ba2+ is formed from a I(S0) and I(S1) pair and, since the energy
level EtotalI(S0) is by definition lower than EtotalI(S1), then E*total(2
I⋅2Ba2+) < Etotal(2I⋅2Ba2+) in the absolute value. The calculated differ
ence between these values is the excitation energy.
Fig. 11 shows the DFT/D3-optimized structures of 2I⋅2Ba2+ in the
ground S0 (a) and excited S1 (b) states.
The key difference between the structures is as follows. First, exci
tation of the complex is accompanied by a decrease in the interplanar
spacing between the chromophores, moreover, the decrease is nonequivalent. Indeed, the right parts of the chromophores are located
more closely to each other (the average length, lav 3.09 Å) than the left
parts (lav 3.55 Å). The average lengths of the Ba-O coordination bonds
– C distance and
virtually do not change (lav 2.8 Å). Second, the C–
adjacent interatomic distances in the left part show more alternation
than those in the right part. That is, alternation of double and single
bond lengths is more clearly defined in the left part (1.46 – 1.348 –
1.461 Å) than in the right part (1.432 – 1.382 – 1.429 Å). This means
– C bond and adjacent bonds is
that the electron density around the C–

Table 5
Total energies, Etotal (a.u.) and complex formation energies, ΔEcomp (kcal/mol).
System,
Calculation
method
I (ab initio)a
I⋅Ba2+ (DFT)b
2I⋅2Ba2+ (DFT)b
I⋅Ba2+(ab initio)b
2I⋅2Ba2+(ab
initio)c
a
b
c
d

S0

−
−
−
−
−

2237.40717
2248.92381
4498.10816
2239.86980
4479.86959

ΔEcomp

S1

–
–
− 163.5
–
− 81.6 /131.3d

−
−
−
−
−

2237.30027
2248.91969
4498.01455
2239.77393
4479.69201

ΔEcomp

–
–
− 107.3
− 60.2a
− 30.3/80.5d

def2-SVP basis set.
Calculation with D3.
def2-TZVP basis set.
ΔEcomp without D3/with D3.

compound II forms bis-sandwich complexes 2II⋅2Ba2+ [23], the same
possibility cannot also be ruled out for I with the assumption that
complex 2I⋅2Ba2 could subsequently be converted to a cyclobutane de
rivatives. Previously, the structures appearing in Eqs. 1–3 for II were
calculated by the DFT methods [13]. In this study, the structures of I and
its Ba2+ complexes were also calculated by DFT with full geometry
optimization with the dispersion correction D3. For higher reliability,
the wave functions and the formation energies of the bis-sandwich
complex 2I⋅2Ba2+ were calculated by the ab initio method. The goal of
the quantum chemical study was to prove the possibility of formation of
bis-sandwich complexes 2I⋅2Ba2+. The total energies of I and the com
plex formation energies of I with the barium cation are summarized in
Table 5.
It follows from Table 5 that the complex 2I⋅2Ba2+ can exist both in

Fig. 11. Structures of complexes 2I⋅2Ba2+ in the ground S0 (a) and excited S1 (b) states calculated by DFT and TD DFT methods with the PBE0 functional in the SVP
basis set.
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Fig. 12. Structures of HOMO (a) and LUMO (b) of 2I⋅2Ba2+ in the excited S1 state (b) calculated by ab initio method in the TZSVP three-exponential basis set.
Different colors correspond to the phase of wave functions, their volumes being proportional to the degree of orbital interaction.

Fig. 13. Structures of HOMO (a) and LUMO (b) of 2II⋅2Ba2+ in the excited S1 state (b) calculated by ab initio method in the TZSVP three-exponential basis set.
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more delocalized in the right part of the molecule than in the left part,
which is confirmed by the double bond orders (bo). Indeed, bo are 1.856
– C bonds, respectively. Third,
and 1.818 ē for the left and right C–
despite the fact that lav of the Ba-O coordination bonds little change
upon excitation: lav 2.826 and 2.857 Å, for S0 state, and lav 2.837 and
2.827 Å, for S1 state, correspondingly, the donor-acceptor characteris
tics of the complex change significantly. Thus, in the ground state, the
positive charges on the left and right barium atoms were 0.784 and
0.818 ē, whereas in the excited states they sharply increased to 1.339
and 1.328 ē. If one recalls that the initial charge of the barium cation was
+2, then the barium cations have accepted 1.216 and 1.182 ē in the
ground state of 2I⋅2Ba2+ and markedly less, 0.661 and 0.672 ē, in the
excited state of the same complex. This is a result of the overall loss of
electron density by the organic chromophore upon excitation, accom
panied by electron transition from occupied to unoccupied levels.
The key feature of the electronic structure of the chromophore in I is
that its π-system is not alternant, unlike that in II studied previously
[13]. This is manifested as the absence of conjugation between the left
and right parts of the chromophore; therefore, compounds I and II are
expected to differ in reactivity. The information that bis-sandwich
complexes 2I⋅2Ba2+ can undergo photocycloaddition was derived from
analysis of the structures of the highest occupied (HOMO) and lowest
unoccupied (LUMO) orbitals, as excitation primarily affects the electron
transition from the former to the latter. Fig. 12 shows the HOMO and
LUMO structures for 2I⋅2Ba2+ in the S1 state calculated by ab initio
method in the three-exponential basis set.
The key role of Ba2+ cations in the complex is to hold both chro
mophores approximately parallel to each other as a sandwich and, as a
result, the interplanar spacing does not exceed four angstrems. This
gives rise to an orbital bonding between the chromophores, and the
electron density is delocalized within the complex. In Fig. 12a, it can be
seen that HOMO is an antibonding orbital between the upper and lower
π-systems of the right halves of the complex; furthermore, the HOMO
electron density is concentrated in the right part, which is due to the
absence of conjugation between the left and right halves. In turn, LUMO
is a bonding orbital embracing the upper and lower chromophores; as a
result, a bonding area appears between the chromophores upon photo
excitation accompanied by electron transition to the LUMO. This attests
to a clear tendency towards chemical bond formation between the pair
of upper and lower carbon atoms (belonging to the upper and lower
double bonds), leading to the formation of cyclobutane derivative.
Unlike 2I⋅2Ba2+, in which the electron density is arranged asym
metrically because of the non- alternant character of the π-system,
2II⋅2Ba2+ is an alternant system with fully delocalized electron density
distribution along each of the chromophores and with orbital bond be
tween the planes. The HOMO and LUMO of 2II⋅2Ba2 in the excited S1
state are shown in Fig. 13.
It can be seen that unlike that in 2I⋅2Ba2+, the HOMO electron
density in 2II⋅2Ba2+ is fully delocalized along the π-systems of both
chromophores constituting the complex and is simultaneously an anti
bonding orbital between the upper and lower π-systems. In turn, LUMO
is a bonding orbital between the upper and lower π-systems, although
the degree of bonding is lower than in the case of LUMO of 2I⋅2Ba2+,
because of the greater electron density delocalization along the overall
π-system of the complex. This means that the trend towards formation of
the cyclobutane derivative can also be followed for 2II⋅2Ba2+, but
probably it has a lower probability than in 2I⋅2Ba2+ due to higher
electron density concentration in one half of the complex.

electron donor decreases the lifetime of the cation radical. The presence
of Pb2+ decreases the T-T dismutation of triplet molecules and, hence,
the yield of radicals. In the presence of Pb2+ or Ba2+, the formation of
complexes 2I⋅2M2+ is probably accompanied by [2 + 2]-cycloaddition
reaction.
Quantum chemical calculations indicate the formation of bis-sand
wich complexes 2I⋅2Ba2+ and their higher proneness to photo
cycloaddition in comparison with the analogous bis-sandwich complexes
2II⋅2Ba2+. This difference is due to the fact that the chromophore in I is
not alternant and, hence, the electron density in 2I⋅2Ba2+ is concen
trated in one half of the molecule, thus resulting in a higher interplanar
charge density in the excited state. This corresponds to higher proba
bility of photocycloaddition, which binds the upper and lower chro
mophore to give a cyclobutane derivative. In turn, the chromophore
π-system in II is alternant and, hence, the electron density is fully
delocalized along the chromophores and, consequently, the interplanar
charge is less concentrated, which decreases the photocycloaddition
probability.
The results of this work can be used for the targeted design of pho
toactive supramolecular assemblies and for the development of optical
molecular sensors based on distyrylbenzenes.
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