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I General methods and synthetic procedures

The 'H and *C NMR spectra were recorded on a Bruker DRX500 instrument in DMSO-ds

and MeCN-d3 using the solvent as the internal standard (& 2.50 and 1.96, respectively, and &
39.43 for DMSO-ds). Chemical shifts were measured to an accuracy of 0.01 ppm, and spin-spin
coupling constants were determined to an accuracy of 0.1 Hz. The samples for elemental
analysis were dried at 80 °C in vacuo. Electronic absorption spectra were recorded on a Specord
M40 spectrophotometer in quartz cells with ground-in stoppers. MeCN (special purity grade,
water content < 0.03%, v/v, Cryochrom) was used to prepare solutions. Ca(ClO,), and Ba(ClO,),
were dried in vacuo at 230 °C, and NaClO,4 was dried in vacuo at 170 °C. Tetrabutylammonium
perchlorate (BusNCIO,, Sigma-Aldrich, for electrochemical analysis, >99%) was used without
additional purification.
Synthetic procedures. 4’-Formylbenzo-18-crown-6 ether,! N-methyl(5’-formylbenzo)aza-18-
crown-6  ether,?  5-bromopentylammonium  bromide,®>  4-(bromomethyl)benzylammonium
bromide,* and styryl dyes (E)-1d,° (E)-1e,° and (E)-2b’ were synthesized as described in
literature.

3-(6-Ammoniohexyl)-2-methyl-1,3-benzothiazol-3-ium diperchlorate (3a) was prepared by a
known procedure®; °C NMR (125.76 MHz, 24 °C) & 16.75 (Me), 25.20 and 25.26
(CH,CH,CH,CH,N), 26.66 (CH,CH,NHs3), 27.50 (CH,CH,N), 38.62 (CH,NH3), 48.98 (CH,N),
116.75 (4-C), 124.57 (7-C), 128.04 (6-C), 129.05 (7a-C), 129.29 (5-C), 140.74 (3a-C), 177.05
(2-C) ppm.

3-[4-(Ammoniomethyl)benzyl]-2-methyl-1,3-benzothiazol-3-ium  diperchlorate  (3b). A
mixture of 4-(bromomethyl)benzylammonium bromide (0.1 g, 0.36 mmol) and 2-
methylbenzothiazole (0.4 mL, 3.15 mmol) was heated at 100 °C (oil bath) for 12 h. After cooling
to room temperature, the reaction mixture was washed with trituration with benzene (3 x 3 mL),
then with acetone (3 x 3 mL) and then with chloroform (3 x 3 mL). The insoluble residue (67
mg) was dissolved in a minimum quantity of hot MeOH; and HCIO4 (70%, aq.) (40 pL, 0.46
mmol) was added. After cooling to room temperature, Et,O (10 mL) was added to the mixture,
and the crystalline precipitate thus formed was collected on a filter, washed with Et,0 (2 x 5
mL), and dried in air to give compound 3b (39 mg, 23% vyield) as yellowish crystals, mp 205—
208 °C; *H NMR (500.13 MHz, DMSO-ds, 30 °C) &§3.26 (s, 3H, Me), 4.02 (m, 2H, CH,NHs3),
6.09 (s, 2H, CH,N), 7.37 (d, %1 = 8.4 Hz, 2H, 3°-H, 5°-H), 7.45 (d, *J = 8.4 Hz, 2H, 2’-H, 6’-H),
7.81 (m, 2H, 5-H, 6-H), 8.06 (br s, 3H, NHs), 8.12 (d, °J = 8.4 Hz, 1H, 4-H), 8.48 (d, °J = 8.4 Hz,
1H, 7-H) ppm; *C NMR (125.76 MHz, 24 °C) §17.15 (Me), 41.73 (CH2NH3), 51.52 (CH,N),
116.91 (4-C), 124.77 (7-C), 127.21 (2’-C, 6°-C), 128.21 (6-C), 129.22 (7a-C), 129.41 (5-C),
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129.49 (3°-C, 5°-C), 133.00 (4’-C), 134.25 (1°-C), 140.74 (3a-C), 178.52 (2-C) ppm. Anal. calcd
for C16H18CIN,OgS (469.29): C, 40.95; H, 3.87; N, 5.97. Found: C, 41.06; H, 4.00; N, 6.10%.
3-(5-Ammoniopentyl)-2-methyl-1,3-benzothiazol-3-ium diperchlorate (3c). A mixture of 5-
bromopentylammonium bromide (0.50 g, 2 mmol) and 2-methylbenzothiazole (0.51 mL, 4
mmol) was heated at 160 °C (oil bath) for 18 h. After cooling to room temperature, the reaction
mixture was washed with trituration with benzene (2 x 3 mL), then with acetone (2 x 3 mL), and
then with chloroform (3 x 3 mL). The insoluble residue (0.30 g) was dissolved in a minimum
quantity of hot MeOH; and HCIO,4 (70%, aq.) (0.16 mL, 1.83 mmol) was added. After cooling to
room temperature, Et,O (20 mL) was added to the mixture, and the precipitate thus formed was
collected on a filter, washed with Et,O (2 x 5 mL), and dried in air to give compound 3c (0.30 g,
34% vyield) as a light brownish powder, mp 170-172 °C; *H NMR (500.13 MHz, DMSO-ds, 30
°C) & 1.45 (m, 2H, CH,CH,CH,N), 1.56 (m, 2H, CH,CH,NHs), 1.86 (m, 2H, CH,CH,N), 2.78
(m, 2H, CH,NH3), 3.21 (s, 3H, Me), 4.69 (t, *J = 7.7 Hz, 2H, CH,N), 7.59 (br s, 3H, NH3), 7.81
(m, 1H, 6-H), 7.90 (m, 1H, 5-H), 8.33 (d, 3J = 8.6 Hz, 1H, 4-H), 8.45 (d, %J = 8.2 Hz, 1H, 7-H)
ppm; 2C NMR (125.76 MHz, 24 °C) & 16.73 (Me), 22.65 (CH,CH,CH,N), 26.52
(CH,CH,NHs), 27.13 (CH,CH,N), 38.48 (CH,NHs), 48.94 (CH,N), 116.77 (4-C), 124.56 (7-C),
128.07 (6-C), 129.03 (7a-C), 129.31 (5-C), 140.76 (3a-C), 177.16 (2-C) ppm. Anal. calcd for
C13H20CIoN,0sS (435.28): C, 35.87; H, 4.63; N, 6.44. Found: C, 35.80; H, 4.72; N, 6.28%.
3-(6-Ammoniohexyl)-2-[(E)-2-(2,3,5,6,8,9,11,12,14,15-decahydro-1,4,7,10,13,16-
benzohexaoxacyclooctadecin-18-yl)vinyl]-1,3-benzothiazol-3-ium diperchlorate [(E)-la] was
prepared by a known procedure’; *C NMR (125.76 MHz, 30 °C) & 25.11 and 25.26
(CH,CH,CH,CH;,N), 26.66 (CH,CH,NH3), 28.41 (CH,CH,N), 38.67 (CH,NHs), 48.45 (CH,N),
68.30 (CH,OAr), 68.34 and 68.43 (CH,OAr, CH,CH,OAr), 68.50 (CH,CH,OAr), 69.55
(CH,0), 69.64 (CH,0), 69.68 (2 CH,0), 69.80 (CH,0), 69.83 (CH,0), 110.63 (HC=CHHet),
112.64 (20-C), 113.01 (17-C), 116.51 (4-C), 124.21 (7-C), 125.59 (19-C), 126.78 (18-C), 127.84
(7a-C), 128.16 (6-C), 129.30 (5-C), 141.12 (3a-C), 148.31 (16a-C), 149.47 (HC=CHHet), 152.42
(20a-C), 171.87 (2-C) ppm.
3-[4-(Ammoniomethyl)benzyl]-2-[(E)-2-(2,3,5,6,8,9,11,12,14,15-decahydro-1,4,7,10,13,16-
benzohexaoxacyclooctadecin-18-yl)vinyl]-1,3-benzothiazol-3-ium diperchlorate [(E)-1b]. A
mixture of compound 3b (27 mg, 58 umol), 4’-formylbenzo-18-crown-6 ether (22 mg, 65 umol),
and abs. EtOH (3 mL) was heated at 80 °C for 125 h. After cooling to room temperature, the
precipitate thus formed was collected on a filter, washed with cold CH,Cl, (0.5 mL), and then
dissolved in MeCN (30 mL). The solution was filtered and then evaporated in vacuo to give dye
(E)-1b (23 mg, 50% yield) as a yellow-orange fine-grained solid, mp 207-208 °C; *H NMR
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(500.13 MHz, DMSO-ds, 24 °C) 63.53 (s, 4H, 2 CH,0), 3.57 (m, 4H, 2 CH,0), 3.63 (m, 4H, 2
CH;0), 3.79 (m, 2H, CH,CH,0Ar), 3.82 (m, 2H, CH,CH,0Ar), 3.99 (m, 2H, CH;NH3), 4.21
(m, 4H, 2 CH,0AX), 6.28 (s, 2H, CH,N), 7.16 (d, *J = 8.6 Hz, 1H, 20-H), 7.41 (d, 3J = 8.4 Hz,
2H, 3°-H, 5°-H), 7.44 (d, *J = 8.4 Hz, 2H, 2’-H, 6’-H), 7.62 (br d, 3J = 8.6 Hz, 1H, 19-H), 7.65
(brs, 1H, 17-H), 7.76 (m, 1H, 6-H), 7.80 (m, 1H, 5-H), 8.00 (d, *J = 15.7 Hz, 1H, HC=CHHet),
8.05 (br m, 3H, NHs), 8.11 (d, J = 8.2 Hz, 1H, 4-H), 8.26 (d, *J = 15.7 Hz, 1H, HC=CHHet),
8.45 (d, 3J = 7.7 Hz, 1H, 7-H) ppm; **C NMR (125.76 MHz, 25 °C) & 41.74 (CH,NHj), 50.89
(CH2N), 68.34 and 68.37 (2 CH,OAr, CH,CH,0Ar), 68.45 (CH,CH,OAr), 69.58 (CH,0), 69.67
(CH;0), 69.71 (2 CH,0), 69.83 (CH,0), 69.86 (CH,0), 110.58 (HC=CHHet), 112.48 (20-C),
112.62 (17-C), 116.67 (4-C), 124.45 (7-C), 126.16 (19-C), 126.76 (18-C), 127.17 (2’-C, 6’-C),
127.90 (7a-C), 128.27 (6-C), 129.40 (5-C), 129.54 (3°-C, 5°-C), 134.17 and 134.20 (1°’-C, 4’-C),
141.07 (3a-C), 148.42 (16a-C), 150.46 (HC=CHHet), 152.72 (20a-C), 173.04 (2-C) ppm; UV-
Vis (MeCN) Amax (&) = 425 nm (29400 M™' cm™). Anal. calcd for CssHaoCloN201S (791.65): C,
50.07; H, 5.09; N, 3.54. Found: C, 50.05; H, 5.21; N, 3.53%.

3-(5-Ammoniopentyl)-2-[(E)-2-(2,3,5,6,8,9,11,12,14,15-decahydro-1,4,7,10,13,16-

benzohexaoxacyclooctadecin-18-yl)vinyl]-1,3-benzothiazol-3-ium diperchlorate [(E)-1c]. A
mixture of compound 3c (70 mg, 0.16 mmol), 4’-formylbenzo-18-crown-6 ether (60 mg, 0.18
mmol), and abs. EtOH (5 mL) was heated at 80 °C for 125 h. After cooling to room temperature,
the precipitate formed was collected on a filter, washed with abs. EtOH (2 mL) and then with
benzene (3 mL), and dried in air to give dye (E)-1c (76 mg, 60% vyield) as a yellow-orange
powder, mp 185-186 °C; 'H NMR (500.13 MHz, DMSO-ds, 30 °C) &§ 1.44 (m, 2H,
CH,CH,CH,N), 1.55 (m, 2H, CH,CH,NHs), 1.86 (m, 2H, CH,CH,N), 2.74 (m, 2H, CH,NHj),
3.54 (s, 4H, 2 CH,0), 3.57 (m, 4H, 2 CH,0), 3.64 (m, 4H, 2 CH,0), 3.80 (m, 2H, CH,CH,0A),
3.83 (m, 2H, CH,CH,0AXr), 4.23 (m, 4H, 2 CH,0Ar), 4.93 (t, °J = 6.8 Hz, 2H, CH,N), 7.17 (d,
%) = 8.2 Hz, 1H, 20-H), 7.55 (br s, 3H, NHs), 7.66 (br s, 1H, 17-H), 7.67 (br d, ®J = 8.2 Hz, 1H,
19-H), 7.79 (m, 1H, 6-H), 7.84 (d, *J = 15.7 Hz, 1H, HC=CHHet), 7.87 (m, 1H, 5-H), 8.19 (d, *J
= 15.7 Hz, 1H, HC=CHHet), 8.25 (d, *J = 8.6 Hz, 1H, 4-H), 8.43 (d, 3J = 8.2 Hz, 1H, 7-H) ppm;
¥C NMR (125.76 MHz, 30 °C) & 22.53 (CH,CH,CH,N), 26.60 (CH,CH,NH3), 28.06
(CH,CH;N), 38.45 (CH,NH3), 48.42 (CH,N), 68.36 and 68.45 (2 CH,OAr, CH,CH,0Ar), 68.51
(CH,CH,0Ar), 69.58 (CH,0), 69.69 (3 CH,0), 69.82 (CH,0), 69.85 (CH,0O), 110.66
(HC=CHHet), 112.69 (20-C), 113.16 (17-C), 116.55 (4-C), 124.21 (7-C), 125.59 (19-C), 126.80
(18-C), 127.82 (7a-C), 128.18 (6-C), 129.30 (5-C), 141.16 (3a-C), 148.34 (16a-C), 149.55
(HC=CHHet), 152.47 (20a-C), 171.96 (2-C) ppm; UV-vis (MeCN) Amax (&) = 425 nm (27700
M~ cm™). Anal. caled for CzoHsCloN2014S-1.5H,0 (784.65): C, 45.92; H, 5.78; N, 3.57.
Found: C, 45.87; H, 5.43; N 3.60%.



3-(6-Ammoniohexyl)-2-[(E)-2-(16-methyl-2,3,5,6,8,9,11,12,15,16-decahydro-14H-

1,4,7,10,13,16-benzopentaoxazacyclooctadecin-19-yl)vinyl]-1,3-benzothiazol-3-ium
diperchlorate [(E)-2a]. A mixture of compound 3a (57 mg, 0.127 mmol), N-methyl(5’-
formylbenzo)aza-18-crown-6 ether (50 mg, 0.142 mmol), pyridine (20 uL), and abs. EtOH (5
mL) was heated at 80 °C for 13 h. After cooling to room temperature, the reaction mixture was
diluted with benzene (3 mL) and kept for 3 days at —18 °C. The precipitate thus formed was
collected on a filter, washed with benzene (3 x 5 mL), and dried in air to give dye (E)-2a (65 mg,
65% yield) as red-orange fine-grained crystals, mp 169-170 °C dec; *H NMR (500.13 MHz,
DMSO-dg, 20 °C) 6 1.34 (m, 2H, CH,CH,CH,NH3), 1.41 (m, 2H, CH,CH,CH2N), 1.47 (m, 2H,
CH>CH,NH3), 1.82 (m, 2H, CH,CH,N), 2.72 (m, 2H, CH,NH3), 3.03 (s, 3H, Me), 3.51-3.57 (m,
8H, 4 CH,0), 3.57-3.65 (m, 6H, CH,NMe, 2 CH,0), 3.75 (t, °J = 5.9 Hz, 2H, CH,CH,NMe),
3.85 (m, 2H, CH,CH,0Ar), 4.21 (m, 2H, CH,0AYr), 4.87 (t, *J = 7.0 Hz, 2H, CH,N), 6.88 (d, 3J
= 8.4 Hz, 1H, 17-H), 7.53 (d, *J = 1.8 Hz, 1H, 20-H), 7.56 (br s, 3H, NHs), 7.60 (dd, °J = 8.4 Hz,
3= 1.8 Hz, 1H, 18-H), 7.68 (d, 3] = 15.5 Hz, 1H, HC=CHHet), 7.73 (m, 1H, 6-H), 7.82 (m, 1H,
5-H), 8.11 (d, 3J = 15.5 Hz, 1H, HC=CHHet), 8.18 (d, ®J = 8.6 Hz, 1H, 4-H), 8.36 (d, °J = 8.6
Hz, 1H, 7-H) ppm; *C NMR (125.76 MHz, 27 °C) & 25.15 and 25.31 (CH,CH,CH,CH,N),
26.70 (CH,CH,NH3), 28.27 (CH,CH,N), 38.67 (CH,NHs), 40.82 (Me), 48.00 (CH,N), 53.92
(CH,NMe), 67.78 (CH,0Ar), 68.78 (CH,CH,0Ar), 69.17 (CH,0), 69.69 (CH,CH,NMe, CH,0),
69.79 (CH,0), 69.93 (CH,0), 70.13 (CH,0), 70.48 (CH,0), 107.73 (HC=CHHet), 112.77 (20-
C), 115.75 (17-C), 116.09 (4-C), 124.01 (7-C), 124.63 (19-C), 126.64 (18-C), 127.34 (7a-C),
127.70 (6-C), 129.06 (5-C), 141.13 (3a-C), 146.01 (16a-C), 148.74 (20a-C),
149.91(HC=CHHet), 171.27 (2-C) ppm; UV-vis (MeCN) Amax (&) = 524 nm (35700 M~' cm™).
Anal. calcd for C3,H47CIN3O13S (784.70): C, 48.98; H, 6.04; N 5.36. Found: C, 48.69; H, 6.05;
N, 5.44%.

'H NMR titration. MeCN-d; (water content < 0.05%, v/v) was used as the solvent. The
effective dimerization constants Kp®™ for ammonium dyes (E)-1b,c and (E)-2a were estimated by
analyzing the changes in the chemical shifts of some protons (Ady) induced by an incremental
addition of EtNHs;CIO,, as described previously for ammonium dye (E)-1a.® In these
experiments, the dye concentration C_ value was constant (~ (2.5-5)x10° M) and the total
concentration of EtNH3;CIO, (Cs) varied from 0 to ~ 0.14-0.25 M. The Ady values were
measured to an accuracy of 0.001 ppm. The experimental dependences of Ady on Cs for different

protons were globally fitted to the complexation model represented by equations (1) and (2):

K
(E)-L+EtNH; ——= (E)-L-EtNH!, (1)



EFL+EFL =22 [E)-L1,, @
where (E)-L is the trans-isomer of the dye (dication), (E)-L-EtNH3" is the complex of dye and
ethylammonium ion, Ks is the stability constant of (E)-L-EtNHs", [(E)-L], is the dye dimer
(tetracation), Kp is the stability constant of dimer [(E)-L]..

These calculations were performed under the assumption that the stability constant Ks (M™)
of the complex formed by the dicationic dye is equal to that for the corresponding model dye
having no ammonium group. The calculations did not take into account the activity coefficients
of the ions. Therefore the calculated values of the constants Ks are effective (Ks®™). The K
values for model dyes (E)-1e and (E)-2b were estimated previously®® by direct *H NMR titration
with EtNH3ClO,4 and then used as fixed parameters in the calculations of Ko for (E)-1b,c and
(E)-2a. The equilibrium constants were calculated using the HYPNMR program. ™
UV-vis spectroscopy. All manipulations with solutions of dyes 1a-e and 2a,b were performed in
a darkroom under red light. The quantitative data on dimerization of dye (E)-2a were obtained
by analyzing the results of three experiments: (a) absorption spectra of (E)-2a measured at seven
different dye concentrations (C_. = 2x10°-3x10* M; 4.75, 1-, 0.2-, and 0.1-cm cells); (b)
absorption spectra of the (E)-2a—BusNCIO,4 system measured at a constant dye concentration (C
= 4x10° M, 4.75-cm cell) and various concentrations of BusNCIO, (SE = 1.8x10 *-1.1x1072 M);
(c) absorption spectra of the (E)-2a—BusNCIO, system measured at various dye concentrations
(2x107°-3x10* M; 4.75-, 1-, 0.2-, and 0.1-cm cells) and a constant Bus;NCIO4 concentration
(0.01 M). Only two experiments (a and b) were carried out for dyes (E)-1a-c, as the variation of
the spectra in experiment (c) was moderate. The data from all experiments for each dye were
combined, and the resulting matrix of experimental spectra was used to calculate dimerization
constant Kp, association constant Ka, and the spectra of the monomer, dimer, and associate using
the parameterized matrix modeling (PMM)™* procedure. The complex formation model included
two equilibria (2) and (3).

[(E)-L], +A % (E)-L-A-(E)-L, (3)
where A is the anion (ClO,), (E)-L-A-(E)-L is the triply charged associate of the dimer with the
anion, and Ka is the stability constant of associate (E)-L-A-(E)-L. The procedure used for global
analysis of spectral data is described in the Chapter VII.

Photochemistry of free dyes. Solutions were irradiated with a DRSh-250 high-pressure mercury
lamp (250 W). The separate spectral lines (313, 365, 405, 436, and 546 nm) were isolated by
glass filters. The intensity of light with 4 = 546 nm was measured using a ferrioxalate

actinometer. The light intensity at A = 365 and 436 nm was determined using a more convenient



8
system: magnesium complex of 15-crown-5 ether styryl dye (analogue of model dye 1e), for
which the quantum yields of the forward and reverse E-Z-photoisomerizations are known (¢e_z
= 0.48 and ¢z =0.50). Luminescence spectra of dye (E)-2a were recorded on an Elumin
spectrometer coupled with a PC. The spectra were corrected to take into account the spectral
sensitivity of the FEU-79 detector. The fluorescence quantum yields (¢r) were determined from
the corrected spectra using the [Ru(bpy)s]Cl, complex in water as the reference (¢r = 0.028). The
following relation was used to calculate ¢x:

D, n’A
@r = Prr m,

where the values with subscript r correspond to the reference compound, D is the solution optical
density at the excitation wavelength, n is the refractive index of the solvent, and A is the integral
intensity of the corrected fluorescence spectrum in the cm ™ scale.

Measurement of the stability constants for the complexes of E-isomers. The stability constants
and the absorption spectra of the dye complexes with metal cations were determined by the
spectrophotometric titration (SPT) method. The solution ionic strength was maintained at 0.01 M
using BusNCIO, as the supporting electrolyte. The SPT procedure included recording of the
absorption spectra of the dye—metal salt system in MeCN in 1-cm or 4.75-cm cells at various
metal ion concentrations and a constant dye concentration. The stability constants of the
complexes were determined from the SPT data by the PMM method on the basis of the reaction
model including equilibria (2) and (4) for dyes 1a and 2a and only equilibrium (4) for model
dyes 1e and 2b:

K
(E)-L+M —= (E)-L-M, 4)
where M is the metal ion, Kg is the stability constant of (E)-L-M. The measured constants were

effective values (Keo),

since the activity coefficients were not taken into account in the
calculations. The known Kp®™ values and the absorption spectra of the monomer and dimer of the
dye obtained while studying the dye dimerization were used in the calculations. The PMM
procedure was similar to that used to calculate Ka and Kp (see Chapter VII).

The stability constants of the complexes (E)-1a,e-Ba** and (E)-2b-Ba* in MeCN were found
by competitive SPT. Absorption spectra were measured for solutions of the dye-Ba(ClO,),—
NaClO, ternary system in a 1-cm cell at various Ba(ClO.), concentrations (0-3.3x10* M range)
and a constant dye (C. ~ 2x10™° M) and NaClO,4 (0.01 M) concentrations. The large excess of
NaClO, over the dye and Ba(ClOg), ensured minor variation of the solution ionic strength (0.01
M). The SPT data were processed using only equilibrium (4); this gave the observed stability

constant Kops. In the ternary systems, there were two equilibria:
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L+Na®" ——— L-Na", (5)
L +Ba® K<:>B L-Ba®, (6)

where L is the E-isomer of the dye; L-Na" is the sodium complex of the E-isomer of the dye; Kya
is the effective stability constant of L-Na®; L-Ba®* is the barium complex of the E-isomer of the
dye; and Kg, is the effective stability constant (Ke®™ of L-Ba®". According to the law of mass
action, [L-Na'] = KnaCna[L]; here the equilibrium concentration of [Na'] is set to be equal to the
total concentration Cy, due to the large excess of NaClO,4. Then the observed stability constant
Kobs, Measured in competitive SPT, can be written as

_ [L-Ba*] K :[L-Baz*].
obs [Ba2+]KNaCNa[L]’ obs® “Na ~Na [Ba2+][L]

Hence, the desired stability constant of the barium complex was found by the equation Kg, =
KobsXKnaxChna.

Measurement of the stability constants of the complexes of Z-isomers. The target stability
constants were also found by the SPT method. In the case of dyes la-c, the SPT procedure was
as follows. First a dilute solution of the dye (10 mL) in MeCN (C._ ~ 4x10° M) containing 0.01
M of BusNCIO,4 was irradiated at A = 436 nm in a 4.75-cm cell until the photostationary state
was attained. The Z-isomer content in this equilibrium state was always > 90%. Then several
portions of a MeCN solution containing Ba(ClO4), in 3.3x10° M concentration were added
successively to this solution. The ionic strength of the solution in the cell did not change. At the
final stage of SPT, a small portion of the solution containing Ba(ClO,), in 1 M concentration was
added to determine the absorption spectrum of (Z)-dye-Ba®* more accurately. In the case of 2a,
the photostationary state with a higher content of Z-isomer was formed upon irradiation at A =
546 nm. Due to faster dark Z-E-isomerization of dye 2a compared to benzocrown ether
analogues la-c, before the addition of every next portion of the Ba(ClOy), solution, a new
portion of the solution of 2a was taken and brought to the photostationary state. The resulting
spectrophotometric data were processed by PMM method using the reaction model of three
equilibria (2), (4), and (7).

(2)-L+M % (2)-L-M, (7)

where M is the metal ion (in our case, Ba®"), K is the stability constant of complex (Z)-L-M.
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I Figures S1-S14: *H and *C NMR spectra of compounds 1-3
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Figure S1. *H NMR spectrum of compound 3a (500.13 MHz, DMSO-dg, 25 °C).
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Figure S2. *H NMR spectrum of compound 3b (500.13 MHz, DMSO-ds, 30 °C).
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Figure S3. *H NMR spectrum of compound 3¢ (500.13 MHz, DMSO-ds, 30 °C).
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Figure S4. *H NMR spectrum of dye (E)-1a (500.13 MHz, DMSO-dg, 25 °C).
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Figure S5. *H NMR spectrum of dye (E)-1b (500.13 MHz, DMSO-dg, 24 °C).
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Figure S6. *H NMR spectrum of dye (E)-1c (500.13 MHz, DMSO-dg, 30 °C).
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Figure S7. *H NMR spectrum of dye (E)-2a (500.13 MHz, DMSO-dg, 20 °C).
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Figure S8. *C NMR spectrum of compound 3a (125.76 MHz, DMSO-ds, 24 °C).
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Figure S9. *C NMR spectrum of compound 3b (125.76 MHz, DMSO-ds, 24 °C).
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Figure S10. **C NMR spectrum of compound 3c (125.76 MHz, DMSO-dg, 24 °C).
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Figure S11. **C NMR spectrum of dye (E)-1a (125.76 MHz, DMSO-ds, 30 °C).
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Figure S12. *C NMR spectrum of dye (E)-1b (125.76 MHz, DMSO-dg, 25 °C).
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Figure S13. *C NMR spectrum of dye (E)-1c (125.76 MHz, DMSO-dg, 30 °C).
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Figure S14. **C NMR spectrum of dye (E)-2a (125.76 MHz, DMSO-ds, 27 °C).
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I Figures S15-520: *H NMR spectra of styryl dyes 1 and 2 with ammonium group, model dyes and their complexes with ethylammoium ion
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Figure S15. *H NMR spectra (aliphatic proton region) of dye (E)-2b (a), mixture of (E)-2b and EtNHsCIO, (1:3) (b), dye (E)-2a (c), and mixture of
(E)-2a and EtNH3ClO4 (1:49) (d) (Cap = 5107 M, Cpa = 3x10°> M) in MeCN-ds, 25 °C.
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Figure S16. NOESY spectrum of dye (E)-2a (C = 2x10 2 M) in MeCN-ds, 23 °C.

2.5

.,.[.I‘]‘.
o o 0 A~ A
o w»v o w o

1
@
[4)]

7.0
7.5

-8.0

Chemical shift / ppm

27



19-H
17-H

20-H

19-H, 20-H
17-H
3-H, 5'-H
+ 2-H\6’-H
C) 7_H | 4_H/6 " A Aj\\-’\'
19 20 —-—,\J e e
=~ | | INC 11 / s 7
b BT ] AN P
6 S // © O/> Tt~ ! / \PI{ . ’/////
\ \\\L [N /// ,
7 17 1 [ / [N ’, ,
5©[N+ 2 . 0 o ‘ ‘ o/ HENY 19-H,20H 47 7
¢ \ Q/ ‘| || \\l\\‘ 'll AN /7/ //
o) 0 ; || | II *h\\\ \\\ i ,/// ///
\ / / - 7z
— . 1 A V4
2CIO4 6 5 NH3+ d) WMM
/
”
- 1 e~ 1 1 1 1 1 1 1 1 1 1 ---l L 1
8.5 8.0

7.5 .
S (ppm)
Figure S17. *H NMR spectra (aromatic proton region) of dye (E)-1e (a), mixture of (E)-1e and EtNH3CIO,4 (1:2.8) (b), dye (E)-1b (c), and mixture

of (E)-1b and EtNH3CIO, (1:57) (d) (C1e = 5x1073 M, Cyp = 2.6x10° M) in MeCN-ds, 25 °C.
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Figure S18. *H NMR spectra (aliphatic proton region) of dye (E)-1e (a), mixture of (E)-1e and EtNH3CIO, (1:2.8) (b), dye (E)-1b (c), and mixture
of (E)-1b and EtNH5ClO4 (1:57) (d) (Ce = 5107 M, Cyp = 2.6x102 M) in MeCN-d3, 25 °C.
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Figure S19. *H NMR spectra (aromatic proton region) of dye (E)-1e (a), mixture of (E)-1e and EtNH3CIlO,4 (1:2.8) (b), dye (E)-1c (c), and mixture
of (E)-1c and EtNH5CIO; (1:52) (d) (Cie = 5x107° M, Cyc = 5x10~° M) in MeCN-ds, 25 °C.
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Figure S20. *H NMR spectra (aliphatic proton region) of dye (E)-1e (a), mixture of (E)-1e and EtNH3CIO, (1:2.8) (b), dye (E)-1c (c), and mixture

of (E)-1c and EtNH5CIO; (1:52) (d) (Cie = 5x107° M, Cyc = 5x10~° M) in MeCN-ds, 25 °C.



v Table S1: Effective dimerization and stability constants derived from *H NMR titrations

Table S1 Effective dimerization equilibrium constants (Ko™/M™) for ammonium dyes (E)-la-d and effective
stability constants (Ks*™/M™) for the 1:1 complexes of model dyes (E)-1e and (E)-2b with EtNH;" derived from 'H
NMR titration with EtNH3Cl0,.2

Dye logKp®™ Dye logKs®™
(E)-1a 6.1° (E)-1e 35°
(E)-1b 5.6

(E)-1c 6.3

(E)-1d 59°¢

(E)-2a 4.3 (E)-2b 3.0°

¥ MeCN-ds, 25+1 °C, the equilibrium constants were measured to within ~30%. ° Ref 22 (in article). ¢ Ref 34 (in
article). “Ref 35 (in article).
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Figures S21-S24: Absorption and luminescence spectra of free dyes 1, 2
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Fig. S21. Absorption spectra of dye 1e in MeCN: (1) E-isomer; (2,3) photosationary states (PSS)
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Fig. S22. Absorption spectra of the dyes in MeCN: a) 1a; b) 1b; c) 1c; d) 2a; (curves 1,2)

monomeric and dimeric forms of the E-isomer; (black curve 3) intramolecular complex of the

Z-isomer.
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Fig. S23. Corrected luminescence spectra of monomeric (1) and dimeric (2) forms of (E)-2a in
MeCN; the spectra are normalized in such a way that the ratio of the integral intensities on the

energy scale corresponds to the ratio of the luminescence quantum vyields.
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Fig. S24. Absorption spectra of the photostationary states achieved by irradiation of dyes 1d (1)

and 1e (2) with 436 nm light in MeCN.
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VI Figures S25-S36: Spectrophotometric titration data
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Fig. S25. Absorption spectra of the (E)-1e—-NaClO,4 system in MeCN: | = 1 cm, the concentration
of the ligand (E)-1e is constant (2.6x10™> M), the concentration of NaClO, is varied from 0 to
1.3x10°% M, the ionic strength I is kept constant at 0.01 M using BusNCIQ, as a supporting
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Fig. S26. Absorption spectra of the (E)-1e—Na(ClO,),—Ba(ClO,), system in MeCN: | =1 cm, the
concentrations of the ligand (E)-1e and NaClO, are constant (2.7x10> M and 0.01 M,
respectively), the concentration of Ba(ClO4); is varied from 0 to 3.3x10™* M.
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Fig. S27. Absorption spectra of the (E)-2b—NaClO,4 system in MeCN: | = 1 cm, the concentration

of the ligand (E)-2b is con

stant (2.3x10™° M), the concentration of NaClO, is varied from 0 to

9.0x10™* M, the ionic strength I is kept constant at 0.01 M using BusNCIO, as a supporting

electrolyte.
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Fig. S28. Absorption spectra of the (E)-2b—Ca(ClO,), system in MeCN: | = 4.75 cm, the
concentration of the ligand (E)-2b is constant (3.4x10 ® M), the concentration of Ca(ClO,); is
varied from 0 to 1.3x10°> M, the ionic strength I is kept constant at 0.01 M using BusNCIO; as a
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Fig. S29. Absorption spectra of the (E)-2b—Na(Cl0O,),—Ba(ClO4,), system in MeCN: | =1 cm, the
concentrations of the ligand (E)-2b and NaClOy, are constant (1.5x10™> M and 0.01 M,
respectively), the concentration of Ba(ClO4); is varied from 0 to 2.4x10™* M.
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Fig. S30. Absorption spectra of the (E)-1a—NaClO,4 system in MeCN: | = 1 cm, the concentration
of the ligand (E)-1a is constant (2.1x10"> M), the concentration of NaClOy is varied from 0 to
1.7x1072 M, the ionic strength I is kept constant at 0.01 M using BusNCIO, as a supporting

electrolyte.
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Fig. S31. Absorption spectra of the (E)-1a—Ca(ClO,), system in MeCN: | = 4.75 cm, the
concentration of the ligand (E)-1a is constant (4.6x10° M), the concentration of Ca(ClO,); is
varied from 0 to 2.8x10°> M, the ionic strength I is kept constant at 0.01 M using BusNCIO; as a
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Fig. S32. Absorption spectra of the (E)-1a—Na(ClO,4),—Ba(ClO,), system in MeCN: | = 1 cm, the
concentrations of the ligand (E)-1a and NaClO, are constant (2.1x10°> M and 0.01 M,
respectively), concentration of Ba(ClO,), is varied from 0 to 3.3x10™* M.
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Fig. S33. Absorption spectra of the (E)-1b—NaClO,4 system in MeCN: | = 1 cm, the concentration
of the ligand (E)-1b is constant (1.6x107> M), the concentration of NaClO, is varied from 0 to
4.9x10™* M, the ionic strength | is kept constant at 0.01 M using BusNCIO, as a supporting

electrolyte.
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Fig. S34. Absorption spectra of the (E)-1b—Na(ClO,),—Ba(ClOy,), system in MeCN: | =1 cm, the
concentrations of the ligand (E)-1b and NaClO, are constant (1.6x10™> M and 0.01 M,

respectively), the
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Fig. S35. Absorption spectra of the (E)-2a—Ca(ClO,), system in MeCN: | = 4.75 cm, the
concentration of the ligand (E)-2a is constant (3.7x10° M), the concentration of Ca(ClO,); is
varied from 0 to 1.4x10°° M, the ionic strength | is kept constant at 0.01 M using BusNCIO, as a
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Fig. S36. Absorption spectra of the (E)-2a—Ba(ClO,), system in MeCN: | = 4.75 cm, the
concentration of the ligand (E)-2a is constant (3.8x10° M), the concentration of Ba(ClO,); is
varied from 0 to 1.3x10°° M, the ionic strength | is kept constant at 0.01 M using BusNCIO, as a

supporting electrolyte.
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VIl Parameterized matrix modeling of spectral data of the dimerization

The number of light-absorbing species in the systems was estimated by the abstract factor
analysis of the absorption spectra obtained in various experiments. These spectra were used to
compose the data matrix Dexp, With dimensions nxm (n is the number of optical density values in
the spectrum, m is the number of spectra). The matrix was then subjected to a singular vector and
singular value decomposition. The singular decomposition was performed in the Matlab7
program using the “svd” function. Singular vectors have a remarkable feature: if there are k
light-absorbing components in the system, the absorption spectra of this system measured at
various component concentrations can be represented as a linear combination of the first k
vectors of the singular decomposition of the data matrix Dey, (the other vectors describe the
instrumental errors of spectral measurements). Exceptions are systems in which the
concentrations of separate components vary in proportion to one another or in which the
spectrum of a particular component can be represented as a linear combination of the spectra of
other components. In these cases, the number of significant vectors of singular decomposition is
less than the number of components.

The calculations showed that for each of the systems, the experimental spectra (i.e., the matrix
Dexp, Fig. 3) are satisfactorily approximated by two principal singular decomposition vectors (in
all cases, the standard deviation for the approximation was < 0.001 in the optical density units).

Attempts to describe the concentration dependences of the absorption spectra of (E)-la—c and
(E)-2a using the simple dimerization model consisting of only one equilibrium were
unsuccessful. Using a heuristic approach, we found that these dependences can be described by

the following reaction model:

K
L+L —2= LL, (1)
KA
LL+A—=L-A-L, (2

where L is the E-isomer of the dye (dication), LL is the dimer of the E-isomer (tetracation), A is
the anion (CIO,4 ), and LAL is the triply charged associate of the dimer with the anion.
The mass balance equations for this model are as follows:
2[LAL] + 2[LL] + [L] = CL, (3)
[LAL] + [A] =2C_ + SE, (4)
where C_ is the total dye concentration, SE is the total concentration of the supporting electrolyte
(BugsNCIO, or BusNCIO4/HCIO,).

Law of mass action:



40

L] = 2o K, ILT, )
4

[LAL] =22 K [LL][A] (6)
YiaL

where 71, 7., ya, and yaL are the activity coefficients of the ions.
We will use the following designations: x = [LL]/CL, ki = 1%/, and k» = (L ya)/ 7aL. The

set of equations (3)—(6) can be reduced to the following equation

2k, K ,C, X2 + (3K, K sC, + 2K, K o SE +2)x+ (k,K ,C X +1) |—— ~1=0 (7)
leDCL
The ion activity coefficients are determined using the Debye-Hiickel formula:
2
|Og y = _M , (8)
1+B,d/1S

where z is the ion charge, d is the conventional ion diameter, IS is the ionic strength, and B; and

B, are the coefficients in the Debye-Hiickel formula

B, =1.824x10°(sT) ", B, =50.29(T) "*,
where ¢ is the dielectric constant of the solvent, T is temperature. For acetonitrile (¢ = 37), B; =
1.6, and B, = 0.48 (for T = 295 K). The perchlorate ion diameter da was taken to be 3 A, and the
tetracation dy, and associate d_a. diameters were assumed to be 22 A. The diameter of the dye
dication d_ was determined in the parametric modeling of the spectra (see below).

lonic strength of the solution
IS = (zfAL [LAL]+ 27 [LL]+Z/[L]+2C, —[LAL]+2SE)/ 2, 9)

where z. =2,z =4, and z. 5. = 3. Using equation (3), one gets
IS=(3+3x)C_ + SE. (10)

The absorption spectra of the monomeric and dimeric dyes (E)-la-c and (E)-2a and the
equilibrium constants Kp and Ka were found by parameterized matrix modeling (PMM). The
total dye concentrations C, were determined from the optical density of the solutions at a
wavelength at which the molar absorption coefficients of the monomeric and dimeric forms were
equal.

The PMM procedure was started from the postulation of Kp, Ka, and d_ and numerical
solution of the set of equations (7), (8), and (10) for x. The numerical solution was found using
the function "fminbnd™ in Matlab7. The monomer concentration [L] was derived from equation
(5) and the associate concentration [LAL] was calculated from the mass balance equation (3).

According to the results of abstract factor analysis (see above), the tetracation LL and the

associate LAL had identical absorption spectra. Therefore, the total concentration of dimeric
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forms of the dye, [D] = [LL] + [LAL], was used in the calculations. The [L] and [D] values
found in this way were multiplied by the cell length I, and the results were used to compose the
concentration matrix C with the dimensions 2xm composed of the [L]l and [D]l values
corresponding to m measured absorption spectra. Then the nxm matrix Dey composed of m
experimental spectra was used to generate an n x 2 theoretical matrix of the molar absorption
coefficients of the components (Eca):

E.. =D,,C'(CC")™. (11)

Equation (11) is nothing but the solution to the matrix representation of the light absorption law
D = EC. The theoretical matrix Dca, reproducing Deyp, Was calculated as Dea = EcalC.

The Kp, Ka, and d. values and the absorption spectra of the monomer and dimer were found

by minimizing the standard deviation op(Kp,Ka d.) between the theoretical matrix D¢y and the

matrix of experimental spectra Deyp:

> >.(DJ,-DL)’
op(Kp, Ky, d )= — J=l(n—k)m ' (12)

Minimization was performed using the function "fminsearch” in Matlab7. The op value is the
criterion for the validity of the reaction model. Apart from the instrumental errors, it contains
errors of the measurement of concentrations, cell length, etc. Previously, it was established by

experiments that op < 0.002 is adequate for the instruments and techniques that we use.



