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This research is dedicated to the study of bis(ammoniopropyl) derivative of (E)-4-(4-mercaptostyryl)pyridine dye
(2), forming a highly stable bimolecular complex with a bis(18-crown-6 ether) derivative of (E)-stilbene (1) in
solution owing to ditopic coordination via hydrogen bonds. The spectral-kinetic parameters of E isomer of the
dye and its complex were obtained using steady-state absorption, fluorescence, and time-resolved absorption
spectroscopy. The stability constant of the complex, quantum yields of cross-PCA and retro-PCA reactions were
determined by spectrophotometric titration methods. According to density functional theory calculations, E-Z
photoisomerization of dye 2 occurs via non-radiative deactivation from intermediate twisted (TICT) state. The
detailed study of stereospecific [2 + 2]-cross-photocycloaddition (cross-PCA) of complex (E)-1-(E)-2 and back
reaction of cross-PCA product (rctt-3) was carried out. The complexation reaction of cyclobutane rctt-3 with Ba%*
ions has been investigated. A highly efficient direct intrasupramolecular photoelectron transfer and the back
electron transfer of a moderate efficiency were found for the complex (E)-1-(E)-2.

state can be achieved indirectly using LE-CT pathway. Recently the
study of such ET process was carried out for supramolecular pseudo-

1. Introduction

Organic charge-transfer (CT) complexes became widely known in the
fifties. Now they have practical applications in data storage technique
using scanning probe microscopy [1], in the development of OLED [2,3]
and polymers with adjustable optical parameters [4]. Supramolecular
organic complexes, formed by non-covalent D-A interactions, are used
in the design of gels, micelles, foldamers, and vesicles [5], organic
cocrystals for tuning light emission, ferroelectricity and multiferroics,
optical waveguides [6,7]. Additionally they serve as a model for the
study of inter- and intramolecular electron transfer (ET) dynamics [8]. It
is well known that these complexes undergo direct photoinduced elec-
tron transfer (ET) upon excitation in the CT absorption band. However,
the CT band is often cannot be resolved within the main zn-7* band,
because of low molar absorptivity. In this case the population of the CT
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cyclic complexes of (E)-bis(18-crown-6)stilbene 1 with 4,4'-bipyr-
idinium tetraperchlorate bearing two ammonioethyl [9] and
ammoniopropyl [10] N-substituents, and for the complexes with un-
saturated analogues of viologen — ammonioalkyl derivatives of (E)-1,
2-di(4-pyridyDethylene DPE [11].

Also we have found the formation of a single rctt isomer of cyclo-
butane derivative upon the irradiation of the supramolecular complex of
bis-crown stilbene (E)-1 with styryl dye bearing two ammonioalkyl
residues (E)-2 [12]. DFT calculations showed that low quantum yield of
this photoreaction may result from the fast photoinduced ET.

Obviously, the methods of CT state population are not limited to the
excitation in the CT band. It may be populated, for instance, using
Forster resonance energy transfer (FRET), electron exchange (EE) [13].
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It is important, that long-wavelength absorption band of styryl dye 2,
studied in this work, does not overlap with n-n* absorption band of
donor 1 in a region >380 nm. It allows us to observe the ET process
occurring by a mechanism of selective excitation of the acceptor residue.
The result of this dual HOMO-LUMO, LUMO-CT transfer will be the
formation of the excited CT state, where electron density is localized on
the acceptor. This CT state is subjected to back electron transfer in a
course of deactivation. In contrast to recently studied acceptors, dye 2 is
more polarized due to structural asymmetry of aromatic and side resi-
dues. Its terminal groups, coordinating to macrocyclic fragments of bis
(18-crown-6)stilbene 1, have unequal length. It may result in a devia-
tion from parallel position of donor-acceptor n-systems of the supra-
molecular complex and affect to the direct and back electron transfer
rate constants. It is worth to note that due to ultrafast photoinduced
intrasupramolecular ET, all photochemical processes may be suppressed
in the complexes between bis-crown stilbene (E)-1 and strong electron
acceptors. In particular it is true for the complexes with DPE, where
fluorescence is totally quenched. Dye (E)-2 has a lower positive charge,
than DPED, i. e. lower electron acceptor ability should also result in the
diminished ET rate constants.

Nowadays [2 + 2] photocycloaddition reactions (cross-PCA) occur-
ring between two different olefines are actively explored [14-16]. In
contrast to [2 + 2] photodimerization, the cross-PCA provides more
synthetic possibilities. As shown in Ref. [17-19] the complexation of
bis-crown with metal ions induces the cross-PCA or to improve its
selectivity. Otherwise, the corresponding retro-PCA reaction has not
been studied yet. The detailed investigation of the photochemical and
photophysical behavior of the supramolecular complex between
bis-crown stilbene (E)-1 and styryl dye (E)-2 is the main aim of this
work. Also it is of interest to reveal the influence of Ba%* ions on the
efficiency of retro-PCA. Quantum-chemical calculations should give
additional information about spectral-energy parameters of dye 2 and
the complex (E)-1-(E)-2, to clarify the mechanism of E-Z photo-
isomerization of the former.

2. Experimental
2.1. Materials

MeCN (“Fisher”, HPLC gradient grade, water content 0.0021% and
“Cryochrom”, special purity grade, water content < 0.03%, v/v) was
used to prepare solutions. BusNClO4 (>99%, for electrochemical anal-
ysis) was purchased from Sigma-Aldrich and used as background elec-
trolyte. MeOH and benzene (“chemically pure”) were used without
additional purification. HCIO4 (70%) was purchased from Sigma-
Aldrich. Stilbene (E)-1 was prepared by the facile and efficient method
reported previously [20]. The synthesis of 1,10-decanediammonium
diperchlorate (C10) was described previously in Ref. [21].

2.1.1. Purification of dye (E)-2

For recrystallization we took 50 mg of dye (E)-2 obtained by the
procedure described previously [12]. The sample was dissolved in a 0.5
mL of a MeCN/MeOH mixture (1/1) with the addition of a 20 pL of 70%
HClO4. Then the solution in a sealed flask was saturated by benzene
vapors during 1 week, the residue was filtered off and washed with a 2
mL of EtOH and a 2 mL of MeCN, dried in air for a day. A 27 mg of (E)-2
was obtained as yellow granules, mp 172-174 °C. 'H NMR (DMSO-dg,
Fig. S1): 6 = 1.84-1.94 (m, 2H, SCHCHy), 2.15-2.24 (m, 2H,
NCH3CHy), 2.82-2.89 (m, 2H, SCH,CH,CHj), 2.90-2.97 (m, 2H,
NCH>CH,CHy), 3.14 (t, J = 7.2 Hz, 2H, SCHj), 4.57 (t, J = 7.0 Hz, 2H,
NCH,), 7.44 (d, J = 8.4 Hz, 2H, 3'-H, 5'-H), 7.52 (d, J = 16.2 Hz, 1H,
a-H), 7.64-7.76 (m, 3H, NH%), 7.71 (d, J = 8.4 Hz, 2H, 2'-H, 6'-H), 7.80
(br. s, 3H, NH§“), 8.02 (d, J = 16.2 Hz, 1H, b-H), 8.26 (d, J = 6.8 Hz, 2H,
3-H, 5-H), 8.93 ppm (d, J = 6.8 Hz, 2H, 2-H, 6-H); 13C NMR (DMSO-d,,
Fig. §2): § = 26.45 (SCH2CHy), 27.85 (SCHy), 28.53 (NCH,CHy), 35.76
(SCH;CH,CHy), 37.90 (NCH2CH2CHy), 56.78 (NCHy), 122.55 (a-C),
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123.90 (3-C, 5-C), 127.37 (3'-C, 5'-C), 128.80 (2'-C, 6’-C), 132.22 (1'-C),
139.56 (4'-C), 140.50 (b-C), 144.28 (2-C, 6-C), 153.18 ppm (4-C).
Elemental analysis caled (%) for C19HgCl3N3O12S: C 36.29, H 4.49, N
6.68, S 5.10; found: C 36.35, H 4.62, N 6.84, S 4.87. For an equimolar
mixture of dye (E)-2 and bis-crown stilbene (E)-1 (5 x 10~° M) in MeCN
ESI mass spectrum was obtained, m/z 488.7531 [1~2—H]2+, 326.1704
[1-213F; caled. m/z for [1-2-H]?>" 488.7530, [1-2]3" 326.1711.”

2.1.2. Synthesis of PCA product — rctt-3

A mixture of dye (E)-2 (10.0 mg, 15.9 pmol) and (E)-1 (11.3mg, 17.5
pmol) was dissolved in MeCN (20 mL) in a glass flask and irradiated with
a 4 W LED flashlight (A = 400 nm) from a distance of ~30 cm for 30 h.
The reaction mixture was evaporated in air to dryness. The precipitate
was dissolved in a 10 mL of a HyO/MeCN mixture (9/1), followed
extraction by benzene (3 x 10 mL). The extract contained unreacted (E)-
1. Then water phase was evaporated to dryness in vacuo. The residue
was dissolved in a 0.3 mL of MeCN with a 3% H,0, and then the solution
was saturated by MeOH vapor for 1 week. Formed white granules of rctt-
3 was purified by decantation of mother liquor and washed by a 0.5 mL
of MeOH. The precipitate was dried at ambient temperature for 2 days.

1-(3-Ammoniopropyl)-4-((18S,2S,3S,4S)-2-(4-((3-ammoniopropyl)
thio)phenyl)-3,4-bis(2,3,5,6,8,9,11,12,14,15-decahydrobenzo[b] [1,4,
7,10,13,16]hexaoxacyclooctadecin-18-yl)cyclobutyl)pyridin-1-ium tri-
perchlorate (rctt-3) was obtained in 44% yield (9 mg), mp 253-255 °C.
'H NMR (MeCN-ds with 4% D50, Fig. S3): § = 1.34-1.44 (m, 2H,
SCH,CHj), 2.08-2.18 (m, 2H, PyCH;CHj), 2.23 (brs, 2H,
PyCH,;CH,CHy), 2.61-2.71 (m, 2H, SCH 2), 2.75-2.87 (m, 2H,
SCH,CH3CHy), 3.62-3.78 (m, 24H, CH30), 3.78-3.90 (m, 8H,
CHCH20Ar), 3.91-4.03 (m, 4H, 3"(3")-CH0Ar), 4.05-4.09 (m, 2H,
4"-CH30Ar), 4.12-4.16 (m, 2H, 4”"-CH0Ar), 4.48 (br.s, 2H, PyCHs),
4.58-4.66 and 4.70 (m, dd, 2H, d-H, c-H, J = 10.2 and 7.1 Hz),
4.72-4.80 (m, 1H, b-H), 4.84-4.95 (m, 1H, a-H), 6.41 (s, 1H, 2""-H), 6.47
(s, 1H, 2"-H), 6.82 (d, J = 8.3 Hz, 1H, 5"-H), 6.94 (d, J = 8.4 Hz, 1H,
5”-H), 6.96-7.02 (m, 1H, 6"”-H), 7.06-7.25 (m, 5H, 2/,3',5',6’,6""-H),
7.84 (br.s, 2H, 3,5-H), 8.40 ppm (d, J = 6.0 Hz, 2H, 2,6-H). >*C NMR
(MeCN-d; with 4% D,0O, Fig. S6): 6§ = 28.18 (SCH,CH,), 29.85
(PyCH>CH3y), 31.07 (SCH2CH,CHy>), 36.38 (PyCH2CH,CH3), 38.87 (SCH
2), 44.26 and 45.61 (c-CH, d-CH), 47.12 (a-CH), 48.15 (b-CH), 58.98
(PyCHp), 68.43 (4”-CHy0Ar), 68.53 (3”(3")-CH;0Ar), 68.61
(4"”-CH30Ar), 69.92 (CH30), 70.03 (CH30), 70.12 (CH20), 70.15
(CH20), 70.27 (CH20), 70.37 (CH20), 70.47 (CH20), 70.56 (CH20),
70.60 (CH20), 70.64 (2 CH»0), 70.98 (CH20), 71.14 (CH20), 71.16
(CH20), 71.23 (2 CH0), 111.97 (2",5-C), 112.76 (5",6"-C), 113.46
(2"-C), 129.04 (3,5-C), 130.12 (6”-C), 131.90 (2,3,5,6'-C), 132.55
(1”-C), 133.27 (1"-C), 133.91 (1’-C), 139.16 (4'-C), 144.02 (2,6-C),
145.87 (4”-C), 146.38 (4"-C), 146.54 (3"-C), 147.32 (3"-C), 164.00
ppm (4-C). Elemental analysis calcd (%) for Cs3H76Cl3N3024S: C 49.83,
H 6.00, N 3.29, S 2.51; found: C 50.01, H 6.03, N 3.38, S 2.45.

2.2. Methods

'H and '3C NMR spectra were measured on a Bruker AVANCE III 500
spectrometer. The solvent (MeCN-ds, g = 1.940 ppm, 6¢c = 1.320 ppm
and DMSO-dg, 6y = 2.500 ppm, §c = 39.52 ppm) was used as the internal
reference [22]. Chemical shifts were determined with 0.01 ppm accu-
racy and J-coupling constants — with 0.1 Hz accuracy. The elemental
analysis was carried out using a Vario MICRO Cube analyzer. Steady
state absorption spectra were recorded on a Shimadzu-3100 spectro-
photometer or a Specord M40 spectrophotometer in quartz cells with
ground-in stoppers. Steady state fluorescence spectra were recorded on a
Perkin-Elmer LS-55 and an Elumin-2M spectrofluorometers. Quantita-
tive stationary photolysis was performed using glass-filtered light of a
high pressure Hg lamp (A = 313, 365 or 405 nm). The light source with A
= 254 nm was a low pressure Hg lamp with a glass filter. The light in-
tensity was measured by a chemical actinometry. The preparative
photolysis was conducted using LED flashlight (4 W) with A = 400 nm.
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All manipulations, unless otherwise mentioned, with solutions of com-
pound 1, dye 2, and cyclobutane 3 were performed in a darkroom under
red light (daylight induces E-Z photoisomerization or retro-PCA).
Electrospray ionization (ESI) mass spectra were acquired using an
Exactive Orbitrap mass spectrometer (ThermoFisher Scientific, Ger-
many) and a home-made electrospray ion source. The working resolu-
tion of the mass spectrometer in reported experiments was 10,000
(FWHM), the accuracy of m/z values measurement — better than 5 ppm,
the mass spectrum registration time — 1 min. The electrospray ion source
characteristics were: the quartz capillary inner diameter — 50 pm, the
capillary high voltage — +3 kV, the sample solution flow rate — 1.0
pL/min.

2.2.1. Steady-state fluorescence

Fluorescence quantum yields (¢f) were determined using quinine
bisulfate in 1 N HySO4 at 25 °C (¢¢ = 0.546 [23]) or anthracene in
ethanol (¢ = 0.28 [24]) as the reference. The measurements were car-
ried out with freshly prepared aerated solutions. The value of ¢¢ was
calculated by the formula:

b = (f_Dex_1°S)(Dext?Sy) )

where the subscript r refers to the reference parameters, Dex is the op-
tical density at the excitation wavelength, n is the refractive index of the
solvent, S is integrated intensity of the corrected fluorescence spectrum
in energy scale. The calculation of the actual fluorescence spectrum of
stilbene 1 as part of the complex (E)-1-(E)-2 was carried out with respect
to re-absorption and superposition of stilbene fluorescence with the
absorption spectrum of the dye.

2.2.2. Direct and competitive titration

The complexation of (E)-1 with (E)-2 was studied by spectrophoto-
metric and spectrofluorimetric competitive titration in spectral grade
anhydrous MeCN. Direct titration of cyclobutane rctt-3 by barium
perchlorate was carried out at constant ionic strength of the solution (I
= 0.015 M). The equal I for the solutions of ligand and titrant was
maintained by the addition of a required quantity of BuyNClO4 to the
solution of the ligand.

2.2.3. E-Z photoisomerization quantum Yyields

The quantum yields for the forward (&g z) and back (&7 ) E-Z
photoisomerization were determined from the kinetics of absorption
spectra observed upon steady-state irradiation of a solution of E isomer
with 365 nm light. The absorption spectrum of the pure Z isomer was
calculated using the spectra of the E-Z photostationary states attained
upon irradiation at different wavelengths on the assumption that the
@ 7/ Dz g ratio is independent of the irradiation wavelength. The ab-
sorption spectra were treated using global analysis methods, as
described previously [25]. The photoisomerization quantum yields were
measured to within +£20%.

2.2.4. Cross-PCA quantum Yyields

The quantum yield of cross-PCA reaction (tpﬁgi) was calculated from
the absorption spectra of a solution of (E)-1-(E)-2 upon stationary irra-
diation with 405 nm light. The kinetic equation for irreversible mono-
molecular photoreaction was used:

dCaye(1) — B pe ] [103(1 — 10 <Coc0l)

dt ) &)

where I, is the intensity of actinic light (mol-cm~2:s71); ¢ is the molar
absorptivity of the complex at 405 nm, M~ lem™%; Cuye is the concen-
tration of the dye as part of the complex; 1 is the length of the cell, cm.

The back retro-PCA reaction was considered in the calculation of
4513)};%. The concentrations of reactants Ceomp(t) and Ccp(t) were calcu-
lated using numerical solution of the kinetic equation:
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dccnmp (t)
dt

D(1) = [Sl‘(mlpct‘nmp(t) + SCBCCB(I)]I Cea(t) = Co — Ceomp(1)

[1-107°0]

= loslact [¢re[meCB CCB (t) - @ PCA3l3ecompCcomp(t) } D(t)

3

where ecg and ecomp are the molar absorptivities of cyclobutane 3 and
the complex at irradiation wavelength (M~ '-cm™), 1 is the length of a
cell, (cm), Cy is the concentration of the initial complex (E)-1-(E)-2 (M).

2.2.5. Retro-PCA quantum Yyields

Retro-PCA quantum yield of rctt-3 was calculated using eq. (3); the
quantum yield of the direct cross-PCA reaction was fixed at 6.7 x 107%,
Quantum yield of retro-PCA reaction for the complex rctt—3~(Ba2+)2 was
calculated using integral form of equation (2):

Prewo'? = (ACDI) / (10°Lutis D (1 — 107°) ) @
D= (Dy—D;)/2 Dcy = (D5 —DS?)/2

where Dy and Dj, are the optical densities of the solution at irradiation
wavelength before and after photolysis; D§E and DSE are the optical
densities of the complex rctt—3~(Ba2+)2 at irradiation wavelength before
and after the photolysis; AC is the amount of dye 2 obtained after the
photolysis; t; is the irradiation time with 254 nm light. The AC value
was measured as follows. After irradiation upon 254 nm during 1000 s,
the solution of the complex rett-3-(Ba%"), was brought to a photosta-
tionary state (PSS) by irradiation upon 405 nm light (Fig. S14). Knowing
the PSS spectrum of free dye 2, the amount of dye obtained after the
photolysis was found. The experiment was performed in three
repetitions.

2.3. Electrochemical study

The electrochemical experiments were carried out using an IPC-Pro
M potentiostat. Cyclic voltammogram of dye (E)-2 was registered in a
MeCN/DMF mixture (2/1) using stationary disk glassy carbon electrode
with a working surface 3.14 mm? The second voltammogram was ob-
tained similarly using rotating disk glassy carbon electrode (Fig. S15).
Potential scan rate was 200 mV s~ . As background electrolyte 0.1 M
solution of BuyNClO4 in anhydrous MeCN was used. Concentration of
(E)-2was 1 x 10~* M. All measurements were performed in a dry argon
atmosphere at 22 °C.

2.3.1. Femtosecond transient absorption

Femtosecond transient absorption spectra were measured at 22 °C on
a pump and light supercontinuum probe setup with a 3.33 fs delay step
and a 0.5 nm wavelength step. The spectra were subjected to a correc-
tion procedure. The details of transient spectra measurements were
described in our prior paper [26]. The characteristic times (z;) were
calculated using the areas under the individual absorption bands in the
appropriate time range. Since the experimental flash function convolu-
tion (FWHM = 40 fs) with monoexponential decay (r = 50-80 fs)
changes the 7 value by only 1%-3%, the experimental transient ab-
sorption kinetics corresponding to faster photo-driven electron transfer
were processed without deconvolution. The average measurement error
was ~5%.

2.3.2. Quantum chemical calculations

Quantum chemical calculations were performed using the GAMESS
(US) [27] program package with the 6-31G(d,p) basis set. The geometry
of the compounds in the ground state was optimized by means of DFT;
the excited state geometry was optimized by means of TDDFT (CAM--
B3LYP functional). The environmental effects were included via the
Solvation Model Density continuum model [28]. Absorption and emis-
sion spectra were calculated using the Firefly v.8.2 program package
[29] by means of state averaged complete active space self-consistent
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(E)-1-(E)-2

Scheme 1. Formation of pseudocyclic complex (E)-1-(E)-2 in MeCN.

Table 1
Spectral-luminescent and photochemical parameters of stilbene 1, dye 2 and
complex (E)-1-(E)-2 in dry MeCN."

Compound A7, M A, bt Pz  DPzr  Peca
nm 10’4, nm x 10%
M 'em!
(E)-1° 336 3.75 386 0.30 0.24 - -
(B)-1-(E)- 334 4.82 382 0.0057 = - 7.2
zd
(E)-2 392 3.65 559 0.18 0.34 0.39 -
(E)-1-(E)- 401 2.81 546 0.0015 = - 6.7
9
(2)-2 377 0.99 - - 0.34 0.39 -
2 )3 is the position of the So—S; absorption band maximum, £™** is the molar

absorptivity at A3, Af"** is the position of the fluorescence maximum in the
corrected spectrum; ¢ is the fluorescence quantum yield; ®r_z and @7 g are the
quantum yields of reversible E-Z photoisomerization (Fig. S12); ®pca is the
quantum yield of cross-PCA; for (E)-1-(E)-2 the photolysis was done by irradi-
ation at 313 nm, for (E)-1-(E)-2 - by irradiation at 405 nm.

> Data for (E)-1 are taken from Ref. [34].

¢ Reaction does not occur.

4 parameters were determined for (E)-1 band of the complex.

¢ Parameters were determined for (E)-2 band of the complex.

field (SACASSCF) improved by second-order quasi-degenerate pertur-
bation theory (XMCQDPT2) [30]. The environmental effects were
included via the dielectric polarizable continuum DPCM model [31].
The active space included 12 electrons in ten orbitals. The density matrix
was averaged over four lowest singlet and triplet states.

3. Results and discussion
3.1. Synthesis of (E)-2

Styryl dye (E)-2 was synthesized by quaternization of (E)-4-(4-
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methylthiostyryl)pyridine with excess 3-bromopropan-1-ammonium
bromide, followed by treatment with HClO4 [12]. Amount of impu-
rities was managed to reduce due to crystallization of MeCN/MeOH
solution of the dye by saturation with benzene vapors. Also using
extraction with further recrystallization it was managed to obtain
spectral pure cyclobutane derivative rctt-3.

3.2. Complexation

As was shown in Ref. [12] ditopic coordination of bis-crown stilbene
(E)-1 with dye (E)-2 in MeCN leads to the formation of pseudocyclic
complex 1:1 (Scheme 1). Energy interval between 0 and O transitions of
the donor and the acceptor in MeCN, obtained from steady-state spec-
troscopy data, is equal to —0.836 eV. This value slightly changes upon
complexation. Under action of a visual light, the dye (E)-2 undergoes
efficient E-Z photoisomerization, resulting in a weak blue and pro-
nounced hypochromic shifts of long-wavelength absorption band
(Table 1).

The direct spectrophotometric titration of dye (E)-2 by stilbene (E)-1
in dry MeCN has shown, that corresponding logK > 7 (Fig. S9). There-
fore, for the calculation of the actual stability constant of (E)-1-(E)-2 we
used competitive titration method. 1,10-Decanediammonium diper-
chlorate (C10) was taken as a competitor. The stability constant of the
complex (E)-1-C10 was obtained previously (logK¢ = 7.58 [32]). Fig. 1
shows the spectrophotomectric and spectrofluorometric titration data
for a mixture of (E)-1 and (E)-2 by C10 salt in MeCN.

The stability constant K was calculated using global analysis of
spectroscopy data [32]. A complexation model involved two equilibria:

K

S+D =2 S-D (5)

Kc
S + C10 =2 S-C10 (6)

where S is the stilbene (E)-1, D is the dye (E)-2, S-D is the complex (E)-1-
(E)-2, K and K¢ are the stability constants of the complexes (E)-1-(E)-2
and (E)-1-C10. The spectrophotometric titration data of the complex (E)-
1-(E)-2 gave logK = 8.97 (Fig. 1a). A similar value was obtained from
spectrofluorimetric titration (logk = 8.98, Fig. 1b). In Ref. [33] the
stability constants were measured for the complexes of bis(18-crown-6)
stilbene 1 with diammonioethyl (logk = 9.42) and diammoniopropyl
(logK = 9.08) derivatives of 4,4'-dipyridylethene (DPEa,b). It should be
noted that length of the latter is shorter than that of dye 2 by one sulfur
atom. Therefore, logK of the complex (E)-1-(E)-2 should be less than
9.08, what is consistent with the value 8.97. The distance between
ammonium groups of dye (E)-2 slightly exceeds the distance between
the centers of crown-ether cavities of stilbene (E)-1.

The formation of the complex (E)-1-(E)-2 leads to a weak red and
pronounced hypochromic shifts of a long-wavelength n-n* absorption
band. Apparently, this is due to stacking interaction between conjugated
moieties of the dye and the stilbene. The complex formation also induces
strong quenching: the fluorescence quantum yields of the dye and the
stilbene decrease by 115 and 52 times, respectively (Fig. S10, S11). Most
likely such efficient deactivation is induced by the intrasupramolecular
electron transfer. Destruction of the complex (E)-1-(E)-2 was observed
during the titration of equimolar mixtures of (E)-1 with (E)-2 by
alkaline-earth metal perchlorates. The fluorescent enhancement of free
dye (E)-2 and probably stilbene complexes with metal ions were regis-
tered (Fig. S13, S14). The highest efficiency of complexation (equilib-
rium constant) was observed for strontium and barium perchlorates
(Fig. S14). Magnesium and strontium ions gave the largest fluorescent
enhancement (up to 50 times). The spectral response makes it possible to
use the supramolecular complex (E)-1-(E)-2 as a fluorescent sensor for
metal ions with a wide spectral range. The main spectral and photo-
chemical parameters of the compounds in free and complexed forms are
given in Table 1. The spectral feature of the complex makes it
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Fig. 1. a) Absorption spectra of equimolar mixture of (E)-1 and (E)-2 (1.2 x 10~> M) in the presence of 1,10-decanediammonium diperchlorate (C10) in dry MeCN; C
(HCIO,4) = 5 x 107® M; circles are the experimental spectra, solid curves are approximation using two equilibria (5 and 6), red curve is the calculated spectrum of a
mixture of (E)-2 and (E)-1-C10. b) Fluorescence spectra of a mixture of (E)-1 (1.1 x 107> M) and (E)-2 (3.2 x 10~> M) in the presence of different amounts of C10 (see
left panel) in dry MeCN; blue curves are the experimental spectra, red curves are approximations obtained using two equilibria (5 and 6). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Scheme 2. Cross-PCA and retro-PCA reactions.
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Fig. 2. Steady-state photolysis of (E)-1-(E)-2 in MeCN with 405 nm light: 1 cm
cell, (E)-1: 2.84 x 107° M, (E)-2: 2.25 x 107> M, HCIO4: 5 x 107% M, light
intensity: 1.67 x 10~° mol cm~2s~ . Inset: rate of conversion (%) of complexed
dye (E)-2 as a function of irradiation time, s. The data were fitted using kinetic
equation for irreversible monomolecular photoreaction (2).

prospective as fluorescent sensor on metal cations in a wide spectral
range.

3.3. Cross- and retro-PCA reactions

The quantum yields of the cross-PCA reaction (Scheme 2) was ob-
tained for the complex (E)-1-(E)-2 upon irradiation at 405 nm (Fig. 2)

Absorbance

250 300 350 400 450 500
A/nm

Fig. 3. Steady-state photolysis of rctt-3 in MeCN with 254 nm light, 1 cm cell,
rett-3: 2.27 x 107> M, HClO4: 5 x 107® M, light intensity: 6.02 x 107'°

mol cm 2571,

and 313 nm (Fig. S16). Since not only the complex, but also a product —
cyclobutane rctt-3 absorbs at 313 nm, back retro-PCA reaction (Eq (3))
was took into account.

As follows from Table 1, the selective excitation of styryl either
stilbene chromophore of (E)-1- (E) 2 weakly effects on cross-PCA quan-
tum yield. A fluctuation of D2 from LA lies within the measurement
error. Retro-PCA quantum yield (@yetro) Was obtained from the absorp-
tion kinetics upon irradiation of rctt-3 at 254 nm. As in a case of <D1§%;:’A,
the calculation involved two photoreactions (Eq (3)).



V.V. Volchkov et al.

0.6
rctt-3
rctt—3'Ba2+
2+
g 04 rctt-3+(Ba )2
=
<
E
éa logKH =4.14
02k logKl:2 =3.54
00 L] L] L] L]
250 275 300 325 350
A/nm

Fig. 4. Absorption spectra of the system rctt-3-Ba(ClO4), in MeCN, 1 cm cell, I
= 0.015 M, rett-3: 2.3 x 107> M, concentration of Ba(ClO4), was varied
incrementally from 0 to 1.7 x 103 M. The titrant contained HClO, (5 mol %
relatively to Ba(ClO4)5).

Table 2
Stability constants, spectroscopic parameters, and retro-PCA quantum yields for
rctt-3 and its complexes with Ba?*.”

Compound logK AR nm M 5 107 Mt em ! Dretro

rett-3 - 264 1.83 0.067 (Drerro)
rctt-3-Ba%" 4.14 261 2.13 0.070 (DFitro)
rett-3-(Ba®"), 3.54 260 2.47 0.031 (®L2,)

@ Measurement errors of stability constants and quantum yields amounted to
+30%.

The @t value was almost 2 orders of magnitude higher, than qﬁﬁ%f‘\

and P3¢ values, what can be explained by structural asymmetry of rctt-
3. It should be noted that long-wavelength shoulder of a low intensity of
rctt-3 (300-370 nm, Fig. 3) actually belongs to photo-adduct, not to an
impurity of stilbene 1. This confirms by the formation of the initial
complex (E)-1-(E)-2 upon irradiation of a solution of cyclobutane rctt-3
with 313 nm or 365 nm light.

3.4. Two-step substitution reaction between rctt-3 and Ba®*

We have studied the effect of complexation between cyclobutane
rctt-3 and Ba®" ions on retro-PCA reaction. With the increase of a Ba%*
concentration in the solution, a weak blue and pronounced hyper-
chromic shifts of rctt-3 absorption (Fig. 4, Table 2) appeared. These are
typical of donor-acceptor crown-ether chromoionophores [35,36]. The
stability constants of the complexes with Ba>" ions were obtained by
spectrophotometric titration at constant ionic strength I. The complex-
ation involves two substitution reactions (7), (8) shown in Scheme 3.

K
rett—3 + Ba® 2 rctt — 3-Ba* ()]

2

K
rett — 3-Ba>* + Ba’" & rett — 3- (Ba”)2 8)

where Kj.; and Kj.5 are the stability constants of barium complexes.
Relatively low stability constants of the complexes rctt-3-Ba*" and rctt-3-
(Ba?"), are explained by the need for displacement of ammonioalkyl
cations from crown-ether cavities of cyclobutane derivative rctt-3.
Irradiation with 254 nm light of a solution of rctt-3 with excess of Ba
(ClO4)2 leads to the formation of free dye 2 and isomers of the complex
1-(Ba?"), (Fig. S17). At long-term exposure a new absorption band ap-
pears at 254 nm, which probably belongs to photocyclization product of
)1 -(Ba2+)2. The following procedure was applied for the measuring of
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Scheme 3. Two-step complexation of cyclobutane rctt-3 with barium
perchlorate in MeCN.

retro-PCA quantum yield of barium complex of rctt-3. After irradiation, a
solution of the product rctt—3~(Ba2+)2 was brought to the photostationary
state (PSS) upon irradiation at 405 nm (Fig. S18). Knowing the PSS
spectrum of dye 2, the amount of dye formed during the photolysis was
found. Then retro-PCA quantum yield was calculated for bi-nuclear
complex of cyclobutane (Do) Knowing the stability constants of the
complexes we have determined at what concentrations of cyclobutane 3
and barium perchlorate in solution the content of the 1:1 complex would
be maximum (Fig. S19). Using the obtained concentration (C(3) = 2.5 x
10°° M, C(Ba®*") = 1.7 x 10~* M) the corresponding solution with I =
0.015 M was prepared. Its photolysis was carried out (Fig. S20) by
analogy with the photolysis of rctt-3-(Ba%"),. The estimation of retro-
PCA quantum yield for rctt-3-Ba>t was performed as follows. The total
quantum yield (®;oa1) was obtained from eq. (4); then @}é}m was found
using eq. (9):

Dretro = (ProwDep — PrewroDL — PhitoD1:2) / D1y ©)

where D¢g is the optical density of the initial solution at the excitation
wavelength; Dy, Dy.1, and Dj.5 are the optical densities of cyclobutane
rctt-3, the complexes rcit-3-Ba®", and rcit-3-(Ba®*), at the excitation
wavelength. The results are shown in Table 2.

The complexation of rctt-3 with only one barium cation does not
virtually effect on the efficiency of retro photoreaction (Table 2). The
insertion of Ba®" cations into each crown-ether cavity diminishes the
efficiency of retro-PCA more than 2-fold. It is probably connected with
decreasing electron acceptor ability of both crown-ether residues and, as
a consequence, a partial levelling off the electronic effects of the sub-
stituents in four aryl residues. Also, we can not exclude the influence of
steric hindrances in cyclobutane derivative rctt-3, which are absent in bi-
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Fig. 5. Geometry of complex [(E)-1-(E)-2]*, E and Z isomers of model molecule 2a. Most of hydrogen atoms of [(E)-1-(E)-2]3* are not shown.

Table 3
Spectral-kinetic parameters of model cation 2a and complex [(E)-1-(E)-21%" in ground and excited singlet states (*).
Eso, kJ/mol #so, D ps1, D gso ds1 Nso ns; 0,° Opy, ° Es1, eV Eso-s1, €V fso-s1

(E)-2a 0 20.1 5.3 0.85 0.52 1.72 1.45 180 11 3.24 1.03
(E)-2a" 22.1 17.0 5.0 0.73 0.43 1.54 1.27 180 0 2.89 2.66 1.33
(2)-2a 12.2 15.2 1.4 0.89 0.4 1.67 1.44 8 51 3.35 3.23 0.36
(2)-2a" 44.6 141 4.3 0.82 0.46 1.53 1.23 20 46 2.94 2.48 0.67
(R)-2a" 203 15.6 3.21 1.02 0.09 1.06 1.07 90 90 2.21 0.11 0.002
[(B)-1-(E)-213F - 21.4 12.8 0.87 0.19 1.68,1.62 1.5, 1.46 179, 177 810 - 2.72 0.07

Esp and Eg; are the energies of the ground and excited states relatively to those for (E)-2a.
Hso and gy are the dipole moments.
gso and gg; — the positive charge localized on the pyridinium residue.
ngo and ng; are the central bond orders in the molecule.
6 is the dihedral angle between C;-Cy-C3-C4 atoms (between two aromatic residues, Fig. 5.
see bonds marked in red).
Op) is the dihedral angle between aromatic planes of the A;A; residues of the acceptor and the D;D5 residues of the donor.
Eso_s1 and fso_s1 are the energy of 0-0 transfer and the oscillator strength of the So-S; absorption band.
(R)-2a is the twisted conformer of 2a.
# Structure is optimized for S; at a fixed 0 angle.

nuclear complex rctt-3~(Ba2+)2.

3.5. Electrochemical study * ( '3 @ -

Ao
o

Using a mixture of MeCN/DMF (2:1) allowed us to improve the g ‘&\:‘ £ cr € c
solubility of dye (E)-2. Increasing the content of a polar solvent act ’ \ " & > o/
beneficially on the resolution of the obtained voltammogram. The Mf c, = b ¢ ¢
numbers of peaks on cyclic voltammograms (CVA-curves) correspond to - b ‘ b
a number of stepwise redox transitions (SCH 2). Trication (E)-2 can
accept three electrons: the first one into the electron-deficient n-system LUMO
of pyridinium and other two for the reduction of ammonium groups
accompanied by hydrogen evolution. The appearance of only two peaks “
(A, B) in the cathodic region indicates that the reduction of both * * 3 o
ammonium groups takes place simultaneously. Anodic processes are gl < £ e
localized on the system consisting of a central double bond conjugated P ‘e \* ‘m
with two aromatic rings. The first oxidation potential (peak C) of (E)-2
(0.81 V) is close to that (0.84 V) of the related acceptor DPEDb. & {

0

3.6. Quantum chemical calculations

For quantum chemical modelling, a cation of dye (E)-2a (Fig. 5) was HOMO
taken as an analogue of (E)-2. It was found that cation 2a exists in MeCN
as a mixture of E and Z isomers. The isomer (E)-2a is more stable, more
planar, and polarized (Table 3). In addition, due to a mutual repulsion of

Fig. 6. Molecular orbitals calculated for model cation (E)-2a.
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Fig. 7. Conformational curves of Sy and S; states of model cation of (E)-2a in
MeCN; 6 is dihedral angle between pyridinium and phenyl residues
(xMCQDPT2+PCM).

aromatic hydrogens, isomer (Z)-2a is more twisted. Its energy is on
10-15 kJ/mol higher than that of isomer (E)-2a.

Up to 90% of positive charge of cation 2a in the ground state is
localized on pyridinium residue. Calculated energies of Sy—S; transfer
for (E)-2a and (Z)-2a are close to the experimental values. The oscillator
strength of (Z)-2a is much lower than that of (E)-2a (Tables 1 and 3). The
main transfer here is from HOMO, localized on thioanisole moiety to
LUMO, localized on pyridinium residue (Fig. 6). The positive charge in
S; is almost equally distributed between two aromatic moieties of the
cation, the dipole moment is lower (Table 3).

From Fig. 6 is seen, that HOMO is bonding, but LUMO is antibonding
orbital, with respect to both central carbon atoms. The following
decrease of the central bond order promotes twisting the aromatic rings
upon excitation. According to the calculations, the ground state barrier
(1.88 eV) for E-Z isomerization transforms to the minimum in S;
(Fig. 7). These data totally agree with the observation of E-Z isomeri-
zation upon irradiation of a solution of (E)-2 in MeCN (Fig. S12). Small
gap between conformational curves at § = 90° facilitates nonradiative
deactivation, that is the reason of low fluorescence quantum yield of the
twisted conformer (R)-2 (Table 3). It should be noted, that gradual
accumulation of isomer (Z)-2 up to photostationary state (PSS),
observed upon irradiation of (E)-2, occurs due to its higher molar
absorptivity.

The optimized geometry and the parameters of model complex [(E)-
1-(E)-2]°" are shown in Fig. 5 and Table 3. A distance between the
center of mass of the donor and the acceptor equals to 3.53 10\; their
structures are close to planar. The angles between four aromatic planes
of the donor and the acceptor (D;A;, DaAy, AjAy, and DiD3) do not
exceed 10°. The charge distribution in GS of the complex is close to that
of free components (E)-1, (E)-2a. The positive charge is localized on the
acceptor (0.98), mostly on its pyridinium residue (0.87). The calculated
energy and the oscillator strength Sp—S; of the complex are significantly
lower than those of free components (Table 3). The main transfer here is
from HOMO of the donor to LUMO of the acceptor. The positive charge
in S; is localized mostly on the donor residue (0.97); thioanisole moiety
has a small negative charge (—0.17). Thus, the S; state has a charge-
transfer (CT) character. The corresponding long-wavelength (CT) ab-
sorption band of the complex (E)-1-(E)-2 is not observed due to its
overlap with the intense Sy—S5 band. The parameters of the latter (E =
3.11 eV, f = 0.67) are close to those of So—S; band of free acceptor. The
main transfer here is also from HOMO of the donor to LUMO of the
acceptor. The electron density distribution of the complex in S5 is similar
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Table 4
Spectral-kinetic parameters of TA spectra of dye and complex.
Compound A nm 71, fs 72, PS
(E)-1 561 69 +3 ~1100 [25]
(E)-2 445, 508 27 £ 4 860 + 30
(E)-1-(E)-2 447 11.5+1 21+1
104
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Fig. 8. Differential absorption of (E)-2 (spline) within 6.6-135 fs (a) and (E)-1-
(E)-2 (spline) within 1 ps-315 ps (b) after excitation in MeCN with a 40-fs pulse
at 400 nm. Insets: time plot of the areas under the transient absorption spectra
of (E)-2 (a) and (E)-1-(E)-2 (b). The smooth curves are from fitting to a mon-
oexponential: y = 2721 x exp(-t/0.027) — 19.6 (a), y = 0.468 x exp(-t/21) +
0.004 (b).

to S; state of (E)-2a: the positive charge is localized mostly on the
acceptor (0.75), the charges of pyridinium and thioanisole moieties are
equal to 0.32 and 0.43, respectively. Thus, it can be concluded, that
So(LE)—S1(CT) relaxation of the acceptor involves the pronounced
transfer of electron density from unexcited donor moiety of the complex.

3.7. Transient absorption study

All measurements were performed in a darkroom under red light to
prevent E-Z isomerization. The transient absorption kinetics of donor
(E)-1 in MeCN was recently studied in Refs. [25] (Table 4). Upon exci-
tation by 40 fs pulse at 400 nm the TA spectra of dye (E)-2 in MeCN
demonstrates the following evolution. During the first 130 fs the
enhancement of a narrow band at ~510 nm was observed (Fig. 8a). Then
we observed a rise of less intense band at 450 nm along with stimulated
emission (SE) at 560 nm (Fig. S21a). Within 230 to 250 fs we observed
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Fig. 9. Differential absorption of (E)-1-(E)-2 within 80-110 fs after excitation
in MeCN with a 40-fs pulse at 400 nm. Inset: differential absorption of (E)-1-(E)-
2 within 110-220 fs.

gradual quenching of the former band due to overlap with rising SE band
of negative absorption. Further, up to 10 ps, the intensities of the initial
and SE bands rose equally, showing, respectively, a blue and red shifts
by 485 and 570 nm, Then up to 500 ps, the intensities of both bands
decreased by 2.8 and 3.4 times (Fig. S21b). The corresponding kinetics
was satisfactorily fitted by a monoexponential with a small constant
background signal (Table 4). Appearing the second band in TA spectrum
of dye (E)-2, unlike single-band spectrum of unsaturated analogue of
viologen DPEb (\™* ~515 nm [25]) within 400-700 nm, may be
explained by molecular asymmetry of (E)-2. Reducing the olefin bond
order upon excitation diminishes conjugation of the aromatic residues
(Table 3). As a result, pyridinium and phenyl chromophores of the dye
manifest as weakly-coupled n-systems. The molar absorptivity of phenyl
chromophore is lower. The relatively short lifetime of (E)-2 is explained
by the E-Z photoisomerization.

In order to avoid excitation of free dye at 400 nm, the TA spectra of
the complex (E)-1-(E)-2 were registered using a solution with a 12-fold
excess of donor (E)-1. The presence of a small amount of unstable
complexes (E)-1-(E)-2 -(E)-1 can be neglected. In spite of a full overlap
between absorption of the acceptor and fluorescence of the donor,
Forster resonance energy transfer (FRET) is absent here, because the
donor component of the complex virtually does not absorb at 400 nm.
The evolution of TA spectra of the complex (E)-1-(E)-2 at the excitation
in long-wavelength absorption band of the dye (E)-2 is the following.
Initially, during the first 70 fs the enhancement of a single band at ~510
nm is observed (LE* state). The position of this band coincides with that
of free acceptor at the same delay time. Then within 70-130 fs we
observe quenching of this band and appearance (after 80 fs) a weak
negative band of a stimulated emission (SE) (\3"®* = 580 nm, Fig. 9). The
position of the SE band is similar to that of a free acceptor (\)™* = 560
nm). Apparently it originates from the LE° state of the complex, formed
due to internal conversion from higher vibrational levels (LE¥*—LE°®).
Then the SE band gradually decreases and a new intense absorption
band, showing monoexponential growth, appears at 445 nm. It should
be noted that this band is close to the intense CT band of the complex
(Afax 450 nm, f = 0.75) obtained from quantum-chemical

hv
selective excitation of A**

AY.D (A™)*...D

fs time scale
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calculations. After saturation, within 1-315 ps this band demonstrates
monoexponential quenching to a background signal (Fig. 8b). The
electron transfer processes occurring at the excitation of the acceptor
moiety of the complex (E)-1-(E)-2 is depicted on Scheme 4. The calcu-
lated decay times are shown in Table 4.

Apparently the 11.5 fs day time represents the inverse sum of the rate
constants of direct electron transfer and vibrational relaxation
(LE*—LE®). The 21 ps day time applies to the back electron transfer. Due
to more negative reduction potential of the dye (E)-2 (Fig. S15) the back
electron transfer goes much slower in comparison with related com-
plexes of bis-crown stilbene with viologen-like compounds [25,37].

4. Conclusions

The absorption and fluorescence spectra, molar absorptivities, and
fluorescence quantum yields of E- and Z-isomers of dye 2 are varied,
what is supported by quantum chemical| x-MCQDPT2 and TDDFT cal-
culations. According to the calculations of model cation 2a, the E-Z
photoisomerization of (E)-2 occurs at nonradiative deactivation from
twisted intramolecular charge-transfer (TICT) state. A double-band
character of TA spectra of dye (E)-2 within 130-250 fs indicates a
weak conjugation between pyridinium and phenyl residues in S;. The
supramolecular donor-acceptor 1:1 complex (E)-1-(E)-2 formed between
E-isomers of dye 2 and bis(18-crown-6) stilbene 1 is highly stable. Its
spectral-luminescent parameters indicate the intrasupramolecular
photo-electron transfer, which is confirmed by transient absorption
spectroscopy. The direct electron transfer from unexcited donor to the
$1(CT) state of the acceptor moiety is highly efficient, the back electron
transfer occurs much slower.

The formation of pseudocyclic complex (E)-1-(E)-2 makes it possible
to carry out [2 + 2] cross-photocycloaddition. It was shown that selec-
tive excitation of styryl or stilbene chromophore of the complex (E)-1-
(E)-2 weakly effects on cross-PCA quantum yield. The product of cross-
PCA - cyclobutane derivative rctt-3 undergoes to the back (retro) reac-
tion upon excitation at 254 nm. Values of ®q, are almost 2 orders of
magnitude higher than P2 and @pLA, what can be explained by
asymmetric structure of rctt-3. The interaction of cyclobutane rctt-3 with
Ba?" cations is accompanied by a displacement of ammoniopropyl
cation from bis-crown cavities. It is shown that a value of ®ye, for bi-
nuclear complex rett-3-(Ba®), is almost 2 times lower than that of
free cyclobutane rctt-3.

The results of this research can be used for the targeted design of
photoactive supramolecular assemblies with the specified values of
electron transfer rate constants and in the development of new methods
for the synthesis of cyclobutane derivatives using [2 + 2]-cross-
photocycloaddition.
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