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1. General remarks

All chemicals were used as received unless otherwise noted. Transformations with air
and oxygen sensitive compounds were performed under a stream of argon. The reaction
progress was monitored by means of thin layer chromatography (TLC), which was
performed on aluminium foil plates, covered with Silica gel 60 F254 (Merck). The
pyrrolo[3,2-b]pyrroles’ syntheses were conducted based on conditions optimized in
previous publication.! The identity and purity of prepared compounds were proved by 'H
NMR and '3C NMR spectroscopy as well as by mass spectrometry (APCI-MS or EI-MS). NMR
spectra were measured on Varian 500 MHz and Varian 600 MHz instruments. Chemical
shifts for TH NMR are expressed in parts per million (ppm) relative to tetramethylsilane (&
= 0.00 ppm) or chloroform-d (§ = 7.26 ppm). Chemical shifts for 13C NMR are expressed in
ppm relative to chloroform-d (6§ = 77.0 ppm). Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, td = triplet of
doublets, q = quartet, quint = quintet, sex = sextet, m = multiplet), coupling constant (in Hz)
and integral. All melting points for crystalline products were measured with automated

melting point apparatus EZ-MELT and were given without correction.
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2. Synthetic procedures
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Scheme S1. Synthesis of centrosymmetric 1-6 TAPPs.
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The preparation of 2,5-bis(4-(2,1,3-benzoxadiazolyl))-1,4-bis(4-dodecylphenyl)-

1,4-dihydropyrrolo[3,2-b]pyrrole (1) has been reported elsewhere and its spectral

properties concur with the literature data.?

2,5-Bis(5-(2,1,3-benzoxadiazolyl))-1,4-bis(4-dodecylphenyl)-1,4-dihydropyrro-

lo[3,2-b]pyrrole (2): Glacial acetic acid (2 mL), toluene (2 mL), benzo[c][1,2,5]oxadiazole-

5-carbaldehyde (1c, 296 mg, 2 mmol, 2 eq.) and 4-dodecylaniline (522 mg, 2 mmol, 2 eq.)

were placed in a 50 mL round-bottom flask equipped with a magnetic stir bar. The mixture

was reacted at 50°C for 1 h in open flask. After that time, Fe(Cl04)3-xH;0 (20 mg, 5 moly,)

was added, followed by butane-2,3-dione (87 pL, 1 mmol, 1 eq.). The resulting mixture was
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stirred at 50°C (oil bath) in an open flask under air for 17 hours. Next, 3 mL of acetonitrile
was added which resulted in precipitation of orange crystals of 2. They were recrystallized
from mixture of dichloromethane and hexanes, affording 476 mg (57%) of pure product as
an orange solid. M.p. 175-176 °C (DCM/hexanes). 'H NMR (500 MHz, chloroform-d) 6§ 7.64
(dd, J = 9.4, 1.0 Hz, 2H), 7.48 (t, /] = 1.3 Hz, 2H), 7.39 (dd, / = 9.4, 1.5 Hz, 2H), 6.59 (s, 2H),
2.70-2.62 (m, 4H), 1.66 (p, / = 7.5 Hz, 4H), 1.38-1.25 (m, 36H), 0.88 (t, / = 6.8 Hz, 6H). 13C
NMR (126 MHz, chloroform-d) § 149.5, 148.2, 142.1, 136.8, 135.8, 135.2, 133.8, 133.3,
129.7,125.1,115.7,111.3,96.6, 35.5,31.9, 31.3, 29.7, 29.6, 29.5, 29.4, 22.7, 14.1 HRMS (EI):
m/z calculated for Cs4HggNgO2: 830.5247 [M*]; found: 830.5261.

The analogue 2a was synthesised using the same molar ratio of substrates and the
same conditions, starting from p-toluidine instead of 4-dodecylaniline. Upon addition of
acetonitrile dark orange crystals formed which were purified by recrystallization from
mixture of dichloromethane and hexanes. Next, the crystals were taken to X-ray diffraction
and optical studies. 'H NMR (500 MHz, chloroform-d) 6 7.65 (d, ] = 9.4 Hz, 2H), 7.46 (s, 2H),
7.39 (dd, J = 9.3, 1.5 Hz, 2H), 7.24 (d, ] = 2.4 Hz, 8H), 6.56 (s, 2H), 2.41 (s, 6H). HRMS (EI):
m/z calculated for C3;H;;Ng0,: 522.1804 [M*]; found: 522.1797.

2,5-Bis(4-(2,1,3-benzothiadiazolyl))-1,4-bis(4-dodecylphenyl)-1,4-dihydropyr-
rolo[3,2-b]pyrrole (3): Glacial acetic acid (2.5 mL), toluene (2.5 mL),
benzo]c][1,2,5]thiadiazole-4-carbaldehyde (1d, 328 mg, 2 mmol, 2 eq.) and 4-
dodecylaniline (522 mg, 2 mmol, 2 eq.) were placed in a 50 mL round-bottom flask
equipped with a magnetic stir bar. The mixture was reacted at 50°C for 1 h in open flask.
After that time, Fe(ClO4)3-xH;0 (20 mg, 5 moly,) was added, followed by butane-2,3-dione
(87 uL, 1 mmol, 1 eq.). The resulting mixture was stirred at 50°C (oil bath) in an open flask
under air overnight. Next, 3 mL of acetonitrile was added and the flask with reaction
mixture was moved to the fridge. After 1 hour crude 3 was filtered off, washed with
acetonitrile and recrystallized from hot dichloromethane affording 295 mg (42%) of pure
product as a yellow solid. M.p. 162-163°C (DCM). 'H NMR (500 MHz, chloroform-d) 6 7.81-
7.76 (m, 2H), 7.39 (dd, J = 8.7, 7.1 Hz, 2H), 7.25-7.20 (m, 4H), 7.16 (dd, J = 7.1, 1.0 Hz, 2H),
7.14-7.09 (m, 4H), 7.05 (s, 2H), 2.59 (t, /] = 7,7 Hz, 4H), 1.62-1.58 (m, 4H), 1.34-1.28 (m,
10H), 1.26 (m, 26H), 0.88 (t, ] = 6.9 Hz, 6H). 13C NMR (126 MHz, chloroform-d) § 155.5,
153.2, 140.6, 137.8, 133.3, 131.9, 129.3, 129.1, 127.8, 126.6, 125.0, 118.8, 98.5, 35.4, 31.9,
31.3, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. HRMS (EI): m/z calculated for
Cs4HggNgS2: 862.4790 [M*]; found: 862.4824.

The analogue 3a was synthesised using the same molar ratio of substrates and the

same conditions, starting from p-toluidine instead of 4-dodecylaniline. Upon addition of
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acetonitrile red crystals formed which were purified by recrystallization from mixture of
dichloromethane and hexanes. Next, the crystals were taken to X-ray diffraction and optical
studies. 'H NMR (500 MHz, chloroform-d) § 7.79 (dd, J = 8.8, 1.0 Hz, 2H), 7.40 (dd, J = 8.8,
7.1 Hz, 2H), 7.23-7.20 (m, 4H), 7.15 (dd, /= 7.1, 1.0 Hz, 2H), 7.12 (d, ] = 8.0 Hz, 4H), 7.04 (s,
2H), 2.35 (s, 6H). HRMS (EI): m/z calculated for Cs3;H;;N¢S,: 554.1347 [M*]; found:
554.1344.
2,5-Bis(5-(2,1,3-benzothiadiazolyl))-1,4-bis(4-dodecylphenyl)-1,4-dihydropyr-
rolo[3,2-b]pyrrole (4): Glacial acetic acid (2 mL), toluene (2 mL),
benzo[c][1,2,5]thiadiazole-5-carbaldehyde (1e, 328 mg, 2 mmol, 2 eq.) and 4-
dodecylaniline (522 mg, 2 mmol, 2 eq.) were placed in a 50 mL round-bottom flask
equipped with a magnetic stir bar. The mixture was reacted at 50°C for 1 h in an open flask.
After that time, Fe(ClO4)3-xH,0 (20 mg, 5 moly,) was added, followed by butane-2,3-dione
(87 uL, 1 mmol, 1 eq.). The resulting mixture was stirred at 50°C (oil bath) in an open flask
under air for 17 hours. Next, 5 mL of acetonitrile was added and the flask with reaction
mixture was moved to the fridge. After 1 hour crude 4 was filtered off, washed with
acetonitrile and recrystallized from mixture of dichloromethane and hexanes, affording
392 mg (46%) of pure product as an orange solid. M.p. 137-138°C (DCM/hexanes). 'H NMR
(500 MHz, chloroform-d) § 7.79 (d, J = 8.6 Hz, 4H), 7.53 (d, ] = 9.6 Hz, 2H), 7.28-7.18 (m,
8H), 6.60 (s, 2H), 2.64 (t,/ = 7,8 Hz, 4H), 1.66-1.62 (m, 4H), 1.34 (d, / = 7.5 Hz, 8H), 1.28 (d,
J=12.1 Hz, 36H), 0.87 (t, ] = 6.7 Hz, 6H). 13C NMR (126 MHz, chloroform-d) 6 155.2, 153.7,
141.4, 137.1, 135.2, 134.7, 133.3, 131.1, 129.5, 125.1, 120.6, 118.1, 96.2, 35.5, 31.9, 31.3,
29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. HRMS (EI): m/z calculated for Cs4HgeNgS;:
862.4790 [M™]; found: 862.4811. X-ray quality crystals were grown by a solvent-
evaporation method.
2,5-Bis(4-(2,1,3-benzoselenadiazolyl))-1,4-bis(4-dodecylphenyl)-1,4-dihydro-

pyrrolo[3,2-b]pyrrole (5): Glacial acetic acid (2mL), toluene (2mL), 4-formyl-2,1,3-
benzoselenadiazole (1f, 212 mg, 1 mmol, 2 eq.) and 4-dodecylaniline (261 mg, 1 mmol, 2
eq.) were placed in a 50 mL round-bottom flask equipped with a magnetic stir bar. The
mixture was reacted at 50°C for 1 h in an open flask. After that time, Fe(Cl04)3-xH,0 (10
mg, 5 moly) was added, followed by butane-2,3-dione (44 pL, 0.5 mmol, 1 eq.). The
resulting mixture was stirred at 50°C (oil bath) in an open flask under air for 17 hours. Next,
3 mL of acetonitrile was added, but no precipitate was found. The mixture was
concentrated using rotary evaporator and from such a crude mixture, dry column vacuum
chromatography was conducted, using silica gel and 1:1 dichloromethane / hexanes

mixture as eluent. Yield: 19 mg (4%). Dark red solid. M.p. 196-197°C (DCM/hexanes). 'H
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NMR (500 MHz, chloroform-d) § 7.64 (d, J = 8.9 Hz, 2H), 7.30 (dd, J = 8.9, 6.9 Hz, 2H), 7.22
(d,/=8.1Hz 4H), 7.09 (d,J = 8.0 Hz, 4H), 7.05 (d, ] = 6.8 Hz, 2H), 6.96 (s, 2H), 2.57 (t,J]=7.7
Hz, 4H), 1.62-1.56 (m, 4H), 1.28 (d, J = 16.8 Hz, 36H), 0.88 (t, /] = 6.8 Hz, 6H) 3C NMR (126
MHz, chloroform-d) 6§ 161.0, 159.0, 140.4, 137.9, 133.0, 132.3, 129.6, 129.0, 128.7, 128.1,
128.1, 124.8,121.0, 98.6, 35.4, 31.9, 31.4, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 29.3, 29.1, 22.7,
14.1. HRMS (EI): m/z calculated for Cs4HggNgSez: 958.3679 [M*]; found: 958.3640. X-ray
quality crystals were grown by a solvent-evaporation method.
2,5-Bis(4-(7-nitro-2,1,3-benzoxadiazolyl))-1,4-bis(4-dodecylphenyl)-1,4-dihyd-
ropyrrolo[3,2-b]pyrrole (6): Glacial acetic acid (2 mL), toluene (2 mL), 4-formyl-7-nitro-
2,1,3-benzoxadiazole (1b, 386 mg, 2 mmol, 2 eq.) and 4-dodecylaniline (522 mg, 2 mmol, 2
eq.) were placed in a 50 mL round-bottom flask equipped with a magnetic stir bar. The
mixture was reacted at 50°C for 1 h in an open flask. After that time, Fe(Cl04)3-xH,0 (20
mg, 5 moly,) was added, followed by butane-2,3-dione (87 pL, 1 mmol, 1 eq.). The resulting
mixture was stirred at 50°C (oil bath) in an open flask under air for 17 hours. Next, 3 mL of
acetonitrile was added which resulted in precipitation of dark blue crystals of 6. The
product was purified on dry column vacuum chromatography, using silica gel and 1:1
dichlormethane/hexanes mixture as eluent. Yield: 225 mg (24%). Dark blue solid. M.p.
188-189°C. 'H NMR (500 MHz, chloroform-d) 6 8.19 (d, J = 8.1 Hz, 2H), 7.43 (s, 2H),
7.39-7.28 (m, 8H), 6.82 (d, / = 8.1 Hz, 2H), 2.80-2.61 (m, 4H), 1.79-1.61 (m, 4H), 1.55 (m,
4H), 1.44-1.18 (m, 36H), 0.88 (t,] = 6.8 Hz, 6H). 13C NMR (126 MHz, chloroform-d) & 149.0,
143.6,143.4,138.6,136.1, 133.6, 132.4, 130.8, 130.3, 128.8, 125.7, 123.5, 102.6, 35.6, 31.9,
31.3,29.7,29.6, 29.6, 29.5, 29.4, 29.3, 22.7, 14.1. HRMS (EI): m/z calculated for Cs4Hg4NgOg:
920.4949 [M™]; found: 920.4951. X-ray quality crystals were grown by a solvent-

evaporation method.
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Scheme S2. Synthesis of compound 7.
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5,5'-(1,4-Bis(3,5-di-tert-butylphenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole-2,5-
diyl)bis(benzo[c][1,2,5]oxadiazole 1-oxide) (7): Glacial acetic acid (2 mL), toluene (2
mL), 6-formylbenzo[c][1,2,5]oxadiazole 1-oxide 1g (2 mmol, 0.328 g), and 3,5-di-tert-
butylaniline (2 mmol, 0.410 g) were placed in a 25 mL round-bottom flask equipped with a
magnetic stir bar. The mixture was stirred at 50 °C for 1 h. After that time, Fe(ClO4)3-xH,0
(22 mg, 0.06 mmol) was added, followed by diacetyl (88 pL, 1 mmol). The resulting mixture
was stirred at 50°C (oil bath) in an open flask under air for 2 hours. After cooling to room
temperature, the precipitate was filtered off, washed with cold methanol and diethyl ether,
and dried under vacuum affording 7 (83 mg, 11%) as a red solid. The dried product thus
obtained showed a single spot on TLC (EtOAc-hexanes 1:2) and was pure enough for all
analytical purposes.

For single crystal X-ray analysis: The red long needle-like crystals of compound 7
were obtained from slow diffusion of acetonitrile into the dilute solution of 7 in chloroform
(vapor diffusion technique) after 4 days. Red needles; m.p.: 193-194°C (dec.); 'H NMR (500
MHz, chloroform-d) § 1.28 (s, 36H), 6.53 (s, 2H), 7.08-7.19 (br s, 8H), 7.26-7.36 (br s, 2H),
7.38-7.41 (m, 2H); 13C NMR (151 MHz, chloroform-d) § 152.8, 152.2, 149.9, 138.1, 134.8,
133.4, 129.0, 128.2, 121.6, 120.7, 119.6, 115.2, 96.3, 35.0, 31.3; HRMS (APCI): m/z
calculated for C46H50NgO4: 750.3894 [M*]; found: 750.3900.

For compound 7 there are different spectra than for the remaining compounds due to
the conversion of two regioisomeric forms of benzofuroxane moieties into each other,

which is a known dynamic phenomenon.?

Scheme S3. Delocalization in benzofuroxane moieties, providing equilibrium of two

regioisomers.
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Scheme S4. Synthesis of 1b.
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4-Hydroxymethyl-2,1,3-benzoxadiazole (S1) was synthesized following modified
literature procedure.* 296 mg (2 mmol) of 4-formyl-2,1,3-benzoxadiazole was placed in a
50 mL round-bottom flask equipped with a magnetic stir bar and 10 mL anhydrous ethanol
was added. The mixture was cooled down to 0°C (ice bath). Then, 83.6 mg (1.1 eq., 2.2
mmol) of NaBH, was added in one portion. Colour of the mixture has changed from pale
yellow to purple. The reaction process was being checked by TLC. After 1 hour a full
conversion was observed, and aqueous solution of ammonium acetate was added, followed
by 2 M HCl(,q). Product was extracted with dichloromethane, organic layer was separated,
dried over anhydrous Na,SO,4 and the solvent was evaporated under reduced pressure.
Yellow solid of 4-hydroxymethyl-2,1,3-benzoxadiazole was obtained (282 mg, 95% yield)
and it was used in following steps without further purification. This reaction was then
repeated starting from 2 g of 4-formyl-2,1,3-benzoxadiazole, which resulted in the same
percentage yield. 'TH NMR (500 MHz, DMSO-d¢) § 7.90 (d, J = 9.0 Hz, 1H), 7.61 (dd, ] = 9.0,
6.5 Hz, 1H), 7.55-7.51 (m, 1H), 7.31-7.07 (m, 1H), 4.89 (s, 2H).
4-Formyl-7-nitro-2,1,3-benzoxadiazole (1b) was synthesised following modified
literature procedure.* 264 mg (1.76 mmol) of 4-hydroxymethyl-2,1,3-benzoxadiazole was
dissolved in 1 mL 98% H;S04(,q) and cooled down to 0°C (ice bath). Nitration mixture (160
uL HNOzand 210 pL H,SO,) was added dropwise. Ice bath was then removed and solution
was stirred in ambient temperature for 90 min. During that time, reaction mixture changed
colour from yellow to dark orange. The mixture was transferred to beaker with water and
ice, which resulted in precipitation of yellow solid, filtered off under reduced pressure. The
precipitation was washed several times using water, until the pH of the filtrate raised to 7.
Obtained precipitate was then purified on dry column vacuum chromatography, using
dichloromethane as eluent, then gradually mixing it with methanol, up to 2% methanol in
dichloromethane. Synthesis was then repeated starting from 1 g of 4-hydroxymethyl-2,1,3-
benzoxadiazole. Instead of pouring the reaction mixture into the beaker with ice, water was
added to the mixture and extraction with ethyl acetate was conducted. Estimated yield: 436
mg (34%). Dark yellow solid. The presence of an aldehyde as the only visible compound
was confirmed by Brady’s test on TLC plate. 1b was used as crude for the next step.
O\
NH, 1.SeO,, EtOH, 99% =N,
> Se
NH, 2.SeO xylene, 22% N

Scheme S5. Synthesis of 1f.
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4-Methyl-2,1,3-benzoselenadiazole (S2) was synthesized following modified
literature procedure.® 3 g (24.5 mmol) of 2,3-diaminotoluene was placed in a 100 mL
round-bottom flask equipped with a magnetic stir bar and 30 mL anhydrous ethanol was
added. Then, 3 g (1.1 eq., 27 mmol) of SeO, was added in one portion. The reaction mixture
was refluxed for 30 minutes. After completion of the reaction (checked by TLC), product
was extracted with dichloromethane, organic layer was separated, dried over anhydrous
Na,S0, and the solvent was evaporated under reduced pressure. Off-white solid of 4-
methyl-2,1,3-benzoselenadiazole was obtained with almost quantitative amount (4.82 g,
99% yield) and it was used in following steps without further purification.

4-Formyl-2,1,3-benzselenadiazole (1f) was synthesised following modified
literature procedure.® 1 g (5 mmol) of 4-methyl-2,1,3-benzoselenadiazole was dissolved in
30 mL of anhydrous m-xylene and three drops of water were added. Then, 800 mg (1.4 eq.,
7 mmol) of Se0, was added and the reaction mixture was refluxed for 6 hours. The selenium
precipitate was filtered off. From the supernatant, the organic layer was extracted using
dichloromethane. Then, the crude was purified by dry vacuum column chromatography
using 1:1 dichloromethane/hexanes mixture as eluent. Yield: 230 mg (22%). Dark yellow
solid. The presence of an aldehyde as the only visible compound was confirmed by Brady’s

test on TLC plate. 1f was used as crude for the next step.

NaN; (0.975 g, 0.015 mol
CHO 3( g )

DMSO (30 mL) CHO
75 °C, 30 min.
>
N02 ©\N02
N3
S3

Cl
0.02 mol
3.71g
CHO
CHO Toluene (15 ml)
Reflux, 30 min
. > ® O
NO, [ NO
Nj O
S3 1g
5 mmol
096 g

Scheme S6. A two-step synthesis of aldehyde 1g according to the literature.”
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6-Formylbenzo[c][1,2,5]oxadiazole 1-oxide (1g): A mixture of 4-chloro-3-
nitrobenzaldehyde (3.71 g, 0.020 mol) and sodium azide (0.975 g, 0.015 mol) in 30.0 mL of
dimethylsulfoxide was heated at 75°C during 30 min. The solution was cooled, poured into
100 mL of water, and extracted with ether. After drying with MgSO, and evaporating the
solvent a yellow oil, which solidified at 0°C, was obtained. It was crystallized from ethanol
to give 4-azido-3-nitrobenzaldehyde S3. Pale yellow plates (75%); m.p. 74-75°C. The azide
$3 (5 mmol) was refluxed for 30 min in 15 mL of toluene. The solvent was evaporated and
the remaining oil was redissolved in 5.0 mL of boiling EtOAc. Petroleum ether (b.p. 60-

80°C) (20.0 mL) was added and the solution was cooled to give 1g (80%).
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2. 1H and 13C NMR spectra for synthesised compounds
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3. Optical properties in solution

Spectrophotometric grade solvents were used without further purification. All
photophysical studies were performed with freshly-prepared, air-equilibrated solutions at
room temperature. Steady-state fluorescence measurements were performed in standard
1 cm quartz cuvettes with dilute solutions (10-¢ M, optical density <0.1) to minimize inner
filter effects and/or aggregation. Absorption spectra were measured using UV-Vis
Shimadzu UV-3600i Plus spectrophotometer. Lambert-Beer’s law was used to calculate
molar absorption coefficients. Emission spectra were measured using the Edinburgh

Instruments FS5 spectrofluorometer equipped with the Hamamatsu R123456
photomultiplier. Fluorescence quantum yields (q)fl) were calculated from equation:

n2s\ (1- 10_A“)
nsztSst (1- 10_A) ’

bez = cbfl,st )

where subscript “st” denotes respective values for the reference (“standard” sample), 4

absorbance, " is a refractive index of a solvent and S is an integrated fluorescence intensity.

Table S1. Optical properties of 1 in solutions.

CuzHzs
1
Solvent abs /nm 5107/ M -cm™ "om /nm Stokes’ shift, AV / emt | ®Pfia
CCly 508 2.54 573 2230 0.70
cyclohexane (499,511 2.91,2.91 553,581 (shoulder) 1490 0.77
EtOH 496 2.59 666 5150 0.005
toluene 506 2.46 590 2810 0.67
CH,Cl, 504 2.30 673 4980 0.075
dioxane 502 2.55 617 3710 0.59
DMF 498 2.25 688 5550 0.020
DMSO 500 2.16 708 5880 0.017
THF 501 2.48 620 3910 0.44

aRelative cI)fl were obtained using fluorescein in 0.1 M NaOH aqueous solution (Aexc =490 nm, cbfl =

as a reference.

0.9)
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Table S2. Optical properties of 2 in solutions.

Cratas
2
Solvent A?gg/nm €10™* /M t.cm™ Arzgnx/nm Stokes’ shift, AV / cm |®fia
CCly 457 2.75 533 3120 0.74
cyclohexane |448,471 3.01,2.95 499, 518 (shoulder) [1190 0.88
EtOH 468 3.00 645 5860 0.003
toluene 465 2.85 549 3290 0.81
CH,Cl, 470 2.84 646 5800 0.043
dioxane 464 297 583 4 400 0.74
DMF 475 2.54 682 6 390 0.005
DMSO 478 2.76 698 6 590 0.004
THF 469 2.89 609 4900 0.35
aRelative cI)fl were obtained using fluorescein in 0.1 M NaOH aqueous solution [Aexc =490 nm, CI)ﬂ =0.9)
as a reference.
Table S3. Optical properties of 3 in solutions.
CiaHzs
3
Solvent max /nm €10"*/Ml.cm! i /nm Stokes’ shift, AV / cm™! | Pria
CCl4 513 1.49 603 2910 0.58
cyclohexane 506 1.75 572 2280 0.52
toluene 510 1.73 625 3610 0.36
CH,Cl, 498 1.72 716 6110 0.030
dioxane 500 1.90 645 4500 0.30
THF 507 1.44 657 4500 0.25

@y _

aRelative Pf! were obtained using rhodamine 6G in EtOH (Aexc =510 nm, 0.95) as a reference.
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Table S4. Optical properties of 3a in solutions.

Solvent W yam |S107/Mhem AR | Stokes shift, AV / omt | Pt
cyclohexane 492 0.87 562 2530 0.60
toluene 507 0.78 609 3300 0.13
THF 501 2.29 633 4160 0.29
CH,Cl, 505 2.00 672 4920 0.10

aRelative P/l were obtained using rhodamine 6G in EtOH (’lexc =510 nm,

Table S5. Optical properties of 4 in solutions.

Q) _

0.95) as a reference.

Solvent ‘abs /nm €.10*/Mt.cm! max /nm |Stokes’ shift AV /emt [Pria
CCly 477 1.61 547 2 680 0.56
cyclohexane 464,482 2.85,2.91 519 1480 0.78
toluene 477 3.22 564 3230 0.57
CH,Cl, 476 3.03 661 5880 0.12
dioxane 476 3.42 594 4170 0.55
THF 479 2.96 620 4750 0.45

aRelative P/l were obtained using rhodamine 6G in EtOH (/lexc =510 nm,

S20

Oy _
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Table S6. Optical properties of 5 in solutions.

CioHas

Cofs

5
Solvent ‘abs /nm €10 /M t-cm™! Tom /nm Stokes’ shift, AV /cm! Dy
cyclohexane 544 1.31 622 2310 0.081
toluene 544 1.30 675 3570 0.040
CH,Cl, 532 1.93 879 7 420 0.018
dioxane 530 0.68 706 4700 0.045
THF 536 1.40 726 4880 0.034
aRelative cI)fl were obtained using cresyl violet in EtOH (Aexc =610 nm, cI)fl =0.56) as a reference.

Table S7. Optical properties of 6 in solutions.

Solvent ‘abs /nm €10™*/M"-cm™! o /nm Stokes’ shift, Av / cm™ cbfl a
CCl, 587, 624 3.88,5.55 658,703 830 0.70
cyclohexane 575,618 3.62,5.62 639, 691 530 0.79
toluene 620 5.05 679 1400 0.45
CH,Cl, 648 4.13 737 1860 0.004
dioxane 612 4.45 699 2030 0.051
THF 624 4.59 722 2180 0.007
aRelative cbfl were obtained using cresyl violet in EtOH (lexc =610 nm, cbfl = 0.56) as a reference.
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Table S8. Optical properties of 7 in solutions.

CUHZS

Solvent S /nm €10* /M -cm™ om /nm Stokes’ shift, AV / cm™! | Pria
cyclohexane 494 1.62 542 1790 0.002
toluene 492 2.87 673 5470 0.004
CH,Cl, 495 2.64 - - <0.001
dioxane 490 2.29 574 2990 0.002
THF 497 2.72 586 3060 0.002
aRelative q)fl were obtained using fluorescein in 0.1 M NaOH aqueous solution [Aexc =490 nm, CI)fl =0.9)
as a reference.
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Figure S3. Absorption spectra of 2.
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Figure .5. Absorption spectra of 3.
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Figure S4. Emission spectra of 2.
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Figure S6. Emission spectra of 3.
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4. Solid-state spectroscopy

Absorption in the solid state was measured using powders of investigated substances,
grinded in with a KBr in an agate mortar, followed by formation of a thin pellet on a
hydraulic press. Absorption in pellets were measured in a transmission mode on the UV-Vis
Shimadzu UV-3600i Plus spectrophotometer.

Time-resolved photoluminescence measurements were conducted on a custom-built
setup at the Department Chemistry, University of Warsaw. Laser pulses generated by an
Ekspla NT230 DPSS Nd:YAG laser were used to excite the samples (we have chosen 390 nm
for compounds 2-4 and 470 nm for compound 6 as the excitation wavelength). The laser
light was directed to the sample through the rear port of an Olympus [X73 inverted
microscope, focused by a reflective objective. To prevent UV emission and backscattering
from reaching the eye and detector, a dichroic mirror and a 395 nm long-pass filter were
employed. Single-crystal samples were positioned on a thin quartz slide with a minimum
amount of the non-luminescent Olympus Type-F immersion oil. The emitted light from the
sample was collected through the reflective objective and directed to a spectrograph
equipped with a time-gated intensified charge-coupled device (ICCD) camera (PI-MAX4,
Princeton Instruments). The camera was triggered by each laser pulse, facilitating a precise
control of the camera readout delay during the experiment. The LightField software
(Princeton Instruments) was employed to control the camera's intensifier gating width and
delay, enabling time-resolved measurements of the samples' emission. The luminescence
lifetimes were determined by fitting the intensity decay data using the least-squares

method.

Table S9. Optical properties of compounds 1-4 and 6-7 in the solid state.

Compound ~ Agps /nm Nem /nm  Stokes’ shift, AV/ecmt @y

1 518 577 1970 0.20
2a 478 582 3740 0.06
3 463 564 3870 0.43
4 489 563 2690 0.05
6 681 737 1120 0.02
7 539 789 5880 <0.01
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Compound 2 emission (%, = 390 nm)
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Figure S17. Time-resolved emission spectra of 2.

Compound 4 emission (A, = 390 nm)

=y
o

(=}
@
1

Normalized intensity / arbitrary units
o o o
n Ly [¢2]
1 L 1

o
o

E T T T r T J T T T g
450 500 550 600 650 700 750
Wavelength / nm

Figure S19 Time-resolved emission spectra of 4.
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Compound 3 emission (A, = 390 nm)
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Figure S18. Time-resolved emission spectra of 3.

Compound 6 emission (A, =470 nm)
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Figure S20. Time-resolved emission spectra of 6.



Compound 2 emission decay at 582 nm (A, = 390 nm)
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10

S27

Normalized intensity / arbitrary units

Normalized intensity / arbitrary units

Compound 3 emission decay at 564 nm (A, = 390 nm)

1.0

0.8

0.6

0.4 4

0.2 1

0.0

Equation
¥0

Al

Ll

A2

2

Reduced Chi-Sar
R-Square (COD)
Adj, R-Square

Y = AT exp(it1) + AZexp(-1i2)

001 +3496-4
3024002
1634003
0284003
5002031
1.02048E-5

0.99978
0.98978

i T
<] 10

Time, t/ ns

14

Compound 6 emission decay at 737 nm (A, = 470 nm)

1.0

0.8

0.6

0.4 1

0.2 4

0.0

Equation

¥0

A

t

Reduced Chi-Sar
R-Square (COD)

Ad) RSquare

¥ = ATexp(ati] + y0
-0.04901 = 0.00502
945947 £ 0.39159

091468 2001734
1.1058E-4
0.9988
0.99871

2.00

T
2.75 350
Time, t/ ns

4.25

5.00



5. Crystallographic data

Single-crystal X-ray diffraction measurements were performed on a Rigaku Oxford
Diffraction SuperNova instrument equipped with a copper X-ray source (Cu K, radiation,
A =1.54184 R). During the measurement crystal was maintained at 100 or 120 K with the
use of an Oxford Cryosystems nitrogen gas-flow device. Unit-cell parameter determination
and raw diffraction image processing were performed with the native diffractometer
CRYSALISPRO software suite. Structures were solved using an intrinsic phasing method as
implemented in the SHELXT program® and refined with the SHELXL program® within
OLEX2' package using the independent atom model approximation. In all cases the riding

H _ . X
model for the hydrogen thermal motion parameters was applied Uiso =% Ueg where X =

1.2 for X=C,and ¥ = 1.5 for X = O). Structure of compound 1 was re-refined, and labels were
changed to fit all other compounds reported here. Thus, slight changes to the previous
refinement are observed, but without any change of the conclusions already published.
Compound 7 contains voids, but unfortunately we were unable to find a reasonable
structural model, thus only the dye molecules are taken into account. We presume some
solvent molecules might be present in the structure, but the data quality does not allow to
extract a meaningful information, even when the SQUEEZE!! procedure was applied.
Finally, the data set was refined on the original unmodified data. The CIF files are available
from the Supporting Information, or can be retrieved from the Cambridge Structural
Database!?13 (deposition numbers: CCDC 2359982-7; compound 1 was previously
deposited under the number CCDC 2288872 ? and it is now revised under new number

ccpe 2360191).
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Table S10. Selected X-ray data collection, processing and refinement parameters for studied compounds. For more details see the CIF files.

Data set 1 (revised) 2a 3 3a 4 6 7
Moiety formula Cs4HeeN6O2 C32H22Ng0, Cs4HeeN6S: C32H22N6S; Cs4HeeN6S: Cs4Hs4NgOs C46H50N604

+ 0.82 CH,CI,
Moiety formula mass, 901.11 522.56 863.24 554.67 863.24 921.13 750.92
M, / a.u
Crystal system triclinic monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group P1 (No. 2) C2/c (No. 15) P1 (No. 2) P24/c (No. 14) P2,/c (No. 14) C2/c (No. 15) P2;/n (No. 14)
Z 2 4 2 2 2 4 4
Fooo 965 1088 464 576 928 1968 1600
Crystal colour & shape clear red needle orange block yellow needle dark orange needle light orange block clear dark violet plate orange block
Crystal size / mm? 0.09x0.16x0.20  0.09x0.11x0.24 0.09x0.12x0.42 0.05x0.05x0.05 0.03x0.07x0.14 0.11x0.26x0.41 0.05x0.06x0.31
T /K 100 100 100 100 100 120 100
a/A 8.0413(5) 23.4345(4) 6.81179(12) 6.73075(18) 26.3539(14) 47.3727(18) 12.6530(2)
b /A 14.3206(8) 7.9786(2) 8.26449(16) 13.0685(4) 5.7949(2) 10.9462(5) 17.7756(3)
c/A 21.6156(8) 13.6019(2) 20.8251(4) 14.6429(4) 16.2792(11) 9.5717(4) 18.8818(4)
a/o 78.691(4) 90 92.8453(16) 90 90 90 90
B /° 88.151(4) 105.599(2) 96.3218(15) 91.099(3) 106.857(7) 90.519(4) 102.848(2)
v/e 87.222(5) 90 95.0155(15) 90 90 90 90
V /A3 2437.3(2) 2449.53(9) 1158.70(4) 1287.76(6) 2379.3(2) 4963.2(4) 4140.47(13)
deqic / g-em3 1.228 1.417 1.237 1.430 1.205 1.233 1.205
8 range 2.085-75.726° 3.917-76.075°  2.138-76.140° 4.535-76.134° 3.505-77.736° 3.732-73.429° 3.456-76.403°
Absorption coefficient, 1.388 0.741 1.370 2.154 1.335 0.653 0.620
“/mm
No. of reflections 38160 /9943 7892 / 2530 4819 / 28235 10207 / 2667 19841 / 4943 53952 /4929 34642 /8612
collected / unique
R 6.45% 2.05% 4.01% 4.29% 8.45% 15.13% 7.53%
No. of reflections with 7145 2312 4411 2311 3337 2975 6035
1> 2a0(l)
No. of parameters 589/0 182 /0 281/0 182 /0 281/0 308/0 639 /78
/ restraints
R[F] (I >20(I)) 7.32% 3.58% 345% 4.72% 6.34% 5.61% 5.48%
WR[FZ] (all data) 22.61% 9.69% 10.64% 13.29% 19.72% 15.79% 15.91%
gmi%’:a"/e_A_3 -0.84 / +1.27 -0.22 / +0.24 -0.39 / +0.09 -0.31/+0.54 -0.41 /+0.35 -0.18 / +0.23 -0.27 / +0.37
CCDC code 2360191 (new) 2359982 2359985 2359983 2359984 2359986 2359987
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Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker AXS D8
Discover powder diffractometer equipped with a VANTEC detector and a copper X-ray
tube. All data were collected in a parallel-beam geometry (locked-couple experiment mode)
in the 20 range from 3 to 60° In all cases the Le Bail refinement show a good
correspondence between the bulk phase used for the fluorescence quantum yield
determination (powder) and the single-crystal structure as determined via X-ray
diffraction. Remark: Some more deviations were observed for the sample of 1 (our previous
contribution, not shown here), which we ascribe to the presence of the labile solvent in the
crystal. The DCM can evaporate readily during the sample preparation for the PXRD
experiments. We note that higher residuals in some cases result from limited resolution of
our in-house PXRD data collections. One could observe the highest-intensity peaks are
rather asymmetric, which could not be taken into account in our modelling. This would
require better resolution data, preferably collected on a synchrotron source where one has

a better control over the beam size and divergence.
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Figure $29. PXRD pattern obtained for the bulk sample of 2a. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K,;-K,, splitting), blue - residual.
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Figure S30. PXRD pattern obtained for the bulk sample of 3. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K;-Kq; splitting), blue - residual.
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Figure S31. PXRD pattern obtained for the bulk sample of 3a. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K;-Kq; splitting), blue - residual.
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Figure S32. PXRD pattern obtained for the bulk sample of 4. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K;-Kq; splitting), blue - residual.
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Figure S33. PXRD pattern obtained for the bulk sample of 6. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K;-Kq; splitting), blue - residual.
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Figure S34. PXRD pattern obtained for the bulk sample of 7. Vertical axis - intensity, black
curve - experimental pattern, red - Le Bail-fitted model, green bars - reflection positions

(taking into account both K;-Kq; splitting), blue - residual.
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6. Structural remarks and conjugation effects

The conjugation effects between donor (core) and acceptors may have a profound
influence on the spectroscopic properties. Therefore, while looking at the molecular
structures we analysed the C3-C2-C5-C13 torsion angles which describe the relative
rotation of the acceptor in relation to the donor core. The results are summarised in Table
S$11. The rotation angle varies in the series of the compounds, but not very significantly.
The lowest value (ca. 17°) is for the compound 6, for majority of the complexes it is about
30° (compounds 1, 2a, 4 and 7), whereas is reaches ca. 50° for complexes 3 and 3a.
Importantly, the compound 6, in which the angle indicates the most flat conformation and
best aromatic rings’ conjugation, shows the largest emission red-shift when compared to
the remaining examined compounds in cyclohexane solution and in the solid-state.
Nevertheless, the conjunction effect results also in the emission quenching observed for the

solid-state sample, which is in agreement with our previous contribution.?

Table S11. Torsion angles for compounds 1-4 and 6-7 indicating the rotation between the
donor (core) and the acceptor part of the molecule. Experimental values are from the

crystal structures, theoretical are from optimized isolated-molecule geometries.

Torsion angle, T(3-C2-C5-C6/13 / © [a]

Dye Experiment Theory (B3LYP/6-31G**)
1 31.4(4) b1 /31.7(5) 1 27.8
2a 30.6(2) [ 33.0
3 55.8(1) [ 45.6
3a 50.1(4) @ 45.7
4 30.4(4) [ 33.7
6 17.3(4) ! 25.3
7 35(2) [ /30.1(3) 1 32.1

[2 Comment: this torsion angle represents, in each case, the
angle between the donor (core) and the acceptor part of the
molecule; all angles are given positive due to the fact that all
molecules lie on the inversion centre. [P C3-C2-C5-C6 angle.
[l C34-C33-C36-C37 angle (2"¢ molecule, only in 1).
4] C3-C2-C5-C13 angle. [ C3-C2-C5A-C13A angle (more
occupied disordered part ‘A’). 1 C32-C31-C34-C42 angle (24
molecule, only in 7).

Interesting observations regarding the supramolecular arrangement of molecules in
crystals can be made based on the detailed analysis of the Hirshfeld surfaces and related
fingerprint plots. To compare all structures we computed the ratios of percentage
contributions of various interactions - both inside and outside of the Hirshfeld surface, and

both X---Y and the reciprocal ones. The results for the H---X / H---H (X = C, O, N, S) ratios are
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shown in Figure S35. The most significant differences are visible for the compounds 2a and
3a when compared to the other ones. Clearly, large H---C / H---H ratios (reaching almost 1.0
in the case of 2a) indicate that the smaller molecules exhibit larger variety of
intermolecular interactions than the ones with long alkyl chains. These chains in
compounds 1, 3, 4 and 6 are always in a straight conformation in the crystal structure (i.e.
the chains do not tend to bend or fold up). Thus, as such they support the packing of these
molecules where the ‘hydrophobic’ parts interact mainly one with another via weak
dispersive H:--H forces. This is best visible in compounds 4 and 6, where even the
interpenetration of long chains between neighbouring layers can be seen (Figure S36).
Note the long chains were introduced in these systems to increase their solubility in a larger

variety of organic solvents.

1.00

0.90 -
0.80 4
0.70 ~
0.60 -
m N/H
0.50 - m C/H
= OMH
0.40 - = S/H
0.30 1
0.20
0.10 - I - .
0.00 - T T T

2 3A 4 4A 5 6 7

Figure S35. Ratio of interactions based on Hirshfeld surface analysis. X/N (X = N - blue, C
-red, O - green, S - sulphur) in legend means the ratio of percentage contributions of N---H

+ H---N interactions over the percentage contribution of H---H interactions.
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6, also some O---N intermolecular interactions are present, namely the two benzoxadiazole
units interact with each other, contributing to the overall stability of the crystal. Similar
observation can be made for the structures 2a, 3 and 4, where the sulphur atoms are
present. Here, some extra C-H---S and possibly S---1 interactions can be established - the
latter ones are formed presumably due to the larger size of the sulphur atom when
compared to the oxygen one (similar interactions with oxygens from the heterocyclic rings
are not observed here). In compound 1 also interactions with the solvent are present (e.g.
C-H---N or C-H:--Cl), as described previously.? Among intermolecular interactions of
investigated compounds a possible explanation of unusual 6 angle (which is the angle
between donor and acceptor moiety) can be found. The hydrogen bond between N9 and H3
atoms in the structure of 3, 3a and 4 are special for compounds containing sulphur, as N9
atom is the one from the acceptor moiety. This hydrogen bond can force a twist of molecule,
which in case of 4 is not so large due to the connection through position 5 of the acceptor,
while for both 3 and 3a the presence of the hydrogen bond forces twist resulting in large 6
value. This hydrogen bond can be the cause, as the crystal structure is thermodynamically
stable, and the hydrogen bond has energy of several kcal/mol (around 6 kcal/mol), what is
the difference between conformation of 1 with 55.77° 8 angle and optimized 1 as well as
around the difference between conformation of 3 with 26.38° 6 and optimized structure of
3.

The hydrogen bond between N9 and H3 atoms form exclusively for containing-sulphur
compounds. It is possible due to the opposite character of the nitrogen atom in 2,1,3-
benzoxadiazole and 2,1,3-benzothiadiazole causes by polarization in the diazole ring. Due
to the distance between N9 and H3 atoms (ca. 2.65 A) the assumption that electrostatic
potential drives the hydrogen bond formation can be made.'* In case of 2,1,3-
benzothiadiazole there is slightly higher electrostatic potential around nitrogen atoms,

which can enable formation of N9-H3 hydrogen bond (Figure S37).
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(b)
Figure S37. Electrostatic potential surfaces of 4-methyl-2,1,3-benzoxadiazole (a) and 4-

methyl-2,1,3-benzothiadiazole (b). Colour scale from -0.193 au (red) to +0.336 au (blue).

We found an interesting dependence of the absorption maximum shift in the solid state
on cosine of the C3-C2-C5-C6/C13 dihedral angle, 6. This dled us to investigate the
dependence of the absorption maximum shift between the solid state and solution on 8. In
our example, we have non-zero 8 values, which breaks the one-dimensional quantum well
model, but leads to the 2-dimensional one. The explanation behind the application of this
model, could be that there is a similar conformation that is the most stable for all
compounds studied in solution, while in the solid state € values are different due to packing
and intra- and intermolecular interactions.

We performed a two-dimensional geometry scan changing @ angles by 10° in range of
0-90° for compounds 1, 2a, 3, 3a, 4, 6 and 7, using Gaussian 16 program!®. Then we
calculated optimized geometry for each compound, with relaxed dihedral angles and with
0 fixed to 38.48°. We used DFT(B3LYP) level of theory for geometry optimization in 6-
31G(2d,2p) basis set. Then we calculated UV-Vis spectra to investigate the dependence of
absorption maxima on 8. We used TD-DFT(CAM-B3LYP)'¢ level of theory for UV-Vis spectra
calculations in 6-31G(2d,2p) basis set. The change of functional is due to charge transfer
excited state type for investigated molecules. During the analysis we have taken into
consideration only HOMO — LUMO transition, which is involved in the lowest singlet-

singlet transition in terms of energy. Furthermore we visualised molecular orbitals and
2
check the dependence of HOMO-LUMO gap in nanometers on €OS 8. The dependence of

2
maximum of absorption in nanometers on €0S” 0 is almost linear (Figure $38).
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Figure $38. HOMO-LUMO gap in nm vs. €0s” 6,

The most promising aspect is that the linear dependence can be fitted for all examined
compounds. The deviation of compound 6 for large @ angles can be explained by the steric
hindrance or some intramolecular interactions as m-m stacking. Nevertheless, it is also
possible that the charge transfer effect is so strong, that it is not probably approximated
even using CAM-B3LYP functional. What is worth noting, the HOMO-LUMO gap is the
lowest for 6, which exhibits red-shifted absorption maximum comparing to the rest of the
investigated compounds. Compounds 1 and 3 are similar to each other and exhibit red-
shifted absorption maxima comparing to the compounds 2a, 4 and 7. Moreover, compound
7 possess maximum of absorption nearly 10 nm above its analogue, 2a, which differs by
two oxygen atoms in acceptors moieties. The theoretical calculations results corresponds
to experimental data, however the energies are much higher for theoretical calculations,
with around 100 nm error. Nonetheless, the tendencies are the same for both datasets.
Then we performed detailed analysis of the dependence of oscillator strength on €0s 6,

trying to fit a linear model (Figure S39).
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Figure $39. Oscillator strength vs. €0s 6.

Alinear dependence of oscillator strength on €0s 6 was fitted, with R? coefficient as high as
0.96. A linear model would be supported by the fact that an oscillator strength is
proportional to the overlap integral, which is proportional to the cosine of the angle
between orbitals, in our example it should be proportional to the cosine of the €. Compound
6 exhibits extremely large oscillator strength. If we have a closer look, we will notice that
there is a dependence between an oscillator strength from the theoretical calculations and
molar absorption coefficient from the experiment - 4 and 7 which exhibit the lowest €
value, exhibit also the lowest f value for each 0 angle. We also performed also molecular
orbitals analysis to check, if they are consistent with the proposed model. We have used
B3LYP functional in DFT theory level and 6-31G** basis set to calculate molecular orbitals.
For each compound we calculated HOMO and LUMO energy, and the difference - HOMO-
LUMO gap (Table S12).

Table $12. HOMO-LUMO energy gap on dihedral angle ¢ in eV.

0 1 2a 3 3a 4 6 7

0 -2.400 -2.687 2.331 -2.315 -2.550 -2.108 -2.634
10 -2.431 -2.709 -2.313 -2.364 -2.573 -2.133 -2.632
20 -2.475 -2.732 -2.397 -2.417 -2.595 -2.168 -2.651
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30 -2.532 -2.759 -2.450 -2.470 -2.623 -2.209 -2.675

40 -2.595 -2.790 -2.501 -2.519 -2.655 -2.256 -2.702
50 -2.657 -2.819 -2.548 -2.563 -2.685 -2.299 -2.726
60 -2.704 -2.839 -2.585 -2.595 -2.708 -2.325 -2.742
70 -2.712 -2.844 -2.608 -2.612 -2.717 -2.317 -2.739
80 -2.650 -2.826 -2.650 -2.610 -2.699 -2.250 -2.713
90 -2.612 -2.784 -2.582 -2.565 -2.672 -2.052 -2.664

Despite HOMO-LUMO gap values are quite similar for all compounds besides 6 (which
is consistent with earlier analysis), the HOMO and LUMO energies are quite different
(Figure S40). The HOMO energies varies significantly for the investigated compounds.
Compound 6 has the lowest HOMO energy, then the 2a and 7 exhibit almost the same value
of HOMO energy, which is also quite low. Another pair, 4 and 1 possess similar HOMO
energy, despite being definitely different in terms of structure. Finally compound 3 (and
3a) have the highest from HOMOs. It is worth mentioning that the HOMO orbital is localized

mainly on the donor core, independently on the € value.
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Figure S40. HOMO (left) and LUMO (right) energies as functions of 0.

The LUMO energy values are almost the same for all examined compounds, besides 6,
which exhibits over 1 eV lower LUMO than its non-nitro analogue, 1. What is interesting, 7
is the second one with low LUMO energy, which slightly supports its quasi-nitro properties.
The dependence on 8 are various and for HOMO, LUMO and LUMO+1 it was unclear, which

function could be fitted. However for HOMO-LUMO gap dependence on €0S & 3 linear

2
dependence can be fitted for all examined compounds. Also a linear dependence on €0s” 0

can be fitted (Figure S41).
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Both linear dependence on €0S 0 and cos” 6 can be fitted, with the R? as high as 0.95

and 0.97 respectively. However, a linear dependence on €05 6 is not in agreement with the

2
quantum well model, moreover for the dependence on €05” 8 the parameters of fit are

better.
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Figure S41. Relation of HOMO-LUMO gap vs. cos” 6 in the range 10-70°.

What is interesting, on Figure S41 the € range is not full. For the dependence on

cos” 6 the range was narrowed to the 10-70°. The main deviation out of the range is the
mixing of LUMO and LUMO+1 orbitals and the charge transfer to only one acceptor moiety
which is possibly a demonstration of the ground state-symmetry breaking for A-D-A
systems with extremely large € angles.

There are two groups of compounds presented on Figure S6.7, as compounds 1, 3 and
6 exhibit almost identical slope in the dependence of HOMO-LUMO gap on cos?(0) and
compounds 2, 4 and 7 exhibit almost identical slope also. The differences within group are
below 15%, while between groups the slopes differs by the factor of 2. These differences
indicate changes in coupling while bridging by position 4 (compounds 1, 3 and 6) in
comparison to bridging by position 5 (compounds 2, 4 and 7). Indeed, from the
spectroscopic studies we know that there is a stronger conjugation between donor and
acceptor parts when they are bridged by position 4, which reveals as higher slope’s value

on Figure S41.
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7. Theoretical calculations
We used density functional theory (DFT) level with the hybridization of exchange-
correlation functional BLYP with the 37% of Hartree-Fock (HF) or exact exchange and a

63% scaling factor for Slater exchange (so the hybrid functional is B3LYP-37)17-20 for the

ground state (SO) molecular optimization for TAPP dyes 6-8. Using the ground state
minimum geometry, we then carried out time-dependent density functional theory

(TDDFT) calculations for the singlet molecular excitation (absorption) up to five excited

states and lowest singlet excited state (Sl) geometry relaxation (emission) as well with
same 6-31G(d,p) basis function and B3LYP-37 functional.?! Polarizable continuum model
(PCM)™ with various solvents (same as investigated in experiment) was applied in the

TDDFT?2-25 formalism to study the solvent effects on the optical absorption and emission

properties of the studied dyes. The spin-orbit coupling matrix elements (Sl | Hgo | Tn)

between the singlet (Sl) state and the relevant triplet states T (below the 5 level) were

calculated at the TDDFT/B3LYP/6-31G(d,p) level using MOLSOC program.2®

Dye 5 Dye 6 Dye 7

Figure S42. Optimized geometries for investigated dyes 5-7 in the gas phase.

ki k

The  rate constants and fluorescence quantum yield (cbfl) were calculated using

the algorithm described in references 27-29.27-2° This algorithm uses the quantum

chemical computed matrix elements, energies such as the non-adiabatic coupling matrix
elements (NACME), between the 51 and S0 states, the spin-orbit coupling matrix elements
(SOCME) between 5 and energy lower triplet electronic states, and the transition electric

dipole moment between the 5 and So states as the input parameters. These input data were

obtained using the DFT and at the TDDFT level for the ground and excited states using the
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B3LYP functional and the 6-31G** basis set. Most of the quantum chemical calculations

were performed with Gaussian 16.1°

The non-radiative rate constants for internal conversion (kIC) and the intersystem
crossing rate constants were calculated using Plotnikov’s formula3® within Herzberg-Teller
(HT) and anharmonic, the Dushinsky effect approximations using the Morse oscillator

model as??
2

2 2 U\
knr = Z |Vi0,fn| an Aif + T (E4‘)
n

where ! is the initial electronic state, f is the final electronic state, " is a vibrational level of

f state, an is the relaxation width of the vibrational level |fn)' Aif = |Ei0 B Efnl is the energy

difference between the initial and final vibrational states, and ViO.fn is the matrix element

of a perturbation operator. The perturbation operator is the spin-orbit coupling interaction
for ISC transitions and the non-adiabatic coupling interaction for IC processes. Usually an

is about 10* s~tand does not depend strongly on 7, and Aif is about 100 cm~! and we can

assume30
4 2
knr=r_2|vi0,fn| :
™
The kIC was calculated as
41 2 2 2,2 2 2,2,2 2
kIC—HT=F_ D (ank) +2Piti ank + 2 Wiitib;; ZHgk : (E5)
f n k i n k£ iLj#i n k+#i
k#j
Here,
%
2
9= Tz ")
tj
by

) ) )

n

[l (A+1byt Dby 1 (A+1D(E7)
=NyN,A%|=I, N I|——-
2 2 72 2

_Enn

@ A+ 1bn+b0
2|dl, ————1,b,
B NyN_ A 2
bj = [K + In (—) 9;- . (E8)
a a? b, + b,
d( - 1)
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(R) =N,exp (- Z/Z)zbn/ZLbT?(z)

The wave function of Morse oscillator is ¥n , Where

- — _ -1
z=2fexp[-a(R- Re)]' by=2f-2n f=a VZPe, The De value is the dissociation

energy, @ is an anharmonicity constant, "¢ is the equilibrium distance,

|
ab,n! 1/2

n

[(b,+n+1)

[(b,+n+1)

n
Ly () is the M-th Laguerre polynomial, and is the Gamma function.

Parameters b, and @ can be obtained from the anharmonicity parameter X and the energy

w as = w/4x and @ =~/20X, We used 0.02 for X. Here, A = exp (- aK),

Q

I.(ABC) = fexp (-Az2) ZBLrCl(Z) dz,
0

K is the displacement of oscillator in equilibrium position. In eq. (E8)
dl A+1 bn + bO 1b
2 7 2 7] dlL(ABC)

d(bn +by 1) dB
2

and can be estimated numerically. The [,(AB.C)

can be written analytically as:
r+BJr{C+n+ 1)A_1 B2p;
Im+1DI(C+1)

The second term in eq. (E4) is the Franck-Condon (FC) one, the first and the third are the

I.(ABC) =

1
(1 +B, -nl+ C,Z) (E9)

Herzberg-Teller terms. The D, P and W concern the non-adiabatic coupling matrix elements

between the i-th and f-th electronic states and are expressed as

- - 1 1
:—ZZZZ ¢G§_)M o M_EM_,EL L ... (ElO)
’ ' R=R0 v v vqj qu'
voq q
_ | @
- -ZZ(ZMV) oG5B |—5 [0,F3R) ||y (E11)
ORZ, Ry
0y ('TsR)
2 —_—
p,= ZZM qu]¢GsR) Rk (E12)

Here,

(_”R)&p (3‘5R)

and
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are the non-adiabatic coupling matrix elements (NACMEs) of the first and second order,

respectively. M, is the mass of the V-th atom, Lygj are coefficients of the linear relation

- 1/2
between the Cartesian (R) and the normal coordinates (Q) Rygj=M" quJQ

The Lagrange multiplier technique applies to
[1si
k+i
k#j
at HT approximation and to
[Tsi
k+i

at FC approximation. The Lagrange function is

3N -6 e‘yky”kk 3N-6
=In H n—kl —l anwk+Elf,

k=1 k=1

and the solution of
3N-6

Y €Xp ( - wk}‘)a)k
k=1

:E#

leads to "k = Yk€XP (- wk’l), where 4 is the Lagrange multiplier. The Dushinsky effect was

included in W and P matrix and vector as?’

P, _prq/pq+ Z KiP i s (E13)

Im=1

Wij = Z Py 1 e (E14)

Im=#1

Here/ is Dushinsky matrix.

The radiative rate constants (kT) are calculated as3!

1
b (0=0) = 1<f By (E15)
where fis the oscillator strength.
The non-radiative rate constants for intersystem crossing kisc are calculated as3!
3N -6 yk "k 3N -6 3N-6/, Yk .k
41 e Yy e Vi
kise=—{Heblr_z H Yz ZtW H — " (E16)
Ff o| 4. - . n,!
= j=1 =1
¢J’
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where the w; is given by
oHL

W=
T oR,,

if
Here 1150 is matrix element of SOC-operator.

-1/2
r=r M Lo

The fluorescence quantum yield from the S; state can be obtained as3?

kT
Pri= ’ E17
K+ ket ZkIST. (E17)
- L
Kisr. . S . . T k
where i is a ISC rate constant between 1 and energetically lower triplet states " i, "7

and kic are radiative and IC rate constants of the electronic transition from °1 to the ground

state SO, respectively.

Table S13. Computed absorption wavelengths (4), energies (E), and oscillator strengths (

f) for the studied dye 5 (with ethyl side chain) in different solvent states.

) Wavelength Energy Oscillator Exp. values
Solvent Excited state 2
(1) (nm) £) (eV) strength (f) (nm)
Sy 544 2.28 0.6221 544
Cveloh S, 493 2.51 0.0000
yelonexane g 392 3.16 0.0138
(e=2.0165)
Sa 368 3.37 0.0005
Ss 328 3.78 0.0009
S 544 2.28 0.6205 530
Di S, 493 2.52 0.0000
ioxane
S 392 3.16 0.0138
(e = 2.2099) &
Sa 368 3.37 0.0005
Ss 328 3.78 0.0009
S 545 2.27 0.6331 544
Tol S, 493 2.51 0.0000
oluene
S 392 3.16 0.0141
(e = 2.3741) >
Sa 368 3.37 0.0006
Ss 328 3.78 0.0009
Sy 538 2.30 0.6111 536
S; 489 2.54 0.0000
THF S 391 3.17 0.0132
(e = 7.4257) 3 : :
Sa 367 3.38 0.0006
Ss 327 3.79 0.0008
S 538 2.30 0.6144 532
S, 489 2.54 0.0000
DCM
S3 391 3.17 0.0133
(€=8.93)
Sa 367 3.38 0.0006
Ss 327 3.79 0.0008
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Table S14. Computed absorption wavelengths (4), energies (E), and oscillator strengths (

f) for the studied dye 6 (with ethyl side chain) in different solvent states.

) Wavelength | Energy Oscillator Exp. values
Solvent Excited state 2
(4) (nm) E) (en) strength (f) | (nm)
S 572 2.17 1.4906 618
Cveloh S, 452 2.74 0.0029
yclohexane
S 444 2.79 0.0375
(e =2.0165) >
Sa 380 3.26 0.0007
Ss 344 3.60 0.0024
S1 573 2.16 1.4899 612
Di S; 453 2.74 0.0029
ioxane
S 446 2.78 0.0374
(e = 2.2099) &
S4 382 3.25 0.0007
Ss 345 3.60 0.0022
St 578 2.15 1.5101 620
Tol S, 455 2.73 0.0030
oluene
S 447 2.77 0.0379
(e = 2.3741) &
Sy 383 3.24 0.0007
Ss 346 3.59 0.0022
Sq 584 2.12 1.4889 624
S, 461 2.69 0.0030
THE S 460 2.69 0.0372
(e = 7.4257) 3 ' :
S4 393 3.15 0.0007
Ss 354 3.50 0.0015
S 587 2.11 1.4947 648
S; 462 2.68 0.0030
DCM
S3 462 2.69 0.0374
(e=8.93)
S4 394 3.14 0.0007
Ss 355 3.49 0.0014
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f) for the studied dye 7 (with ethyl side chain) in different solvent states.

Table S15. Computed absorption wavelengths (4), energies (E), and oscillator strengths (

) Wavelength Energy Oscillator Exp. values
Solvent Excited state 2
(Y (nm) (B (eV) strength () | (nm)
S 448 2.76 0.8885 494
Cveloh S, 405 3.06 0.0167
yclohexane
S 365 3.40 0.0490
(e =2.0165) >
S4 347 3.57 0.0153
Ss 343 3.62 0.5531
S1 449 2.76 0.8882 490
Di S; 405 3.06 0.0165
ioxane
S 366 3.39 0.0450
(e = 2.2099) &
S4 347 3.57 0.0152
Ss 343 3.62 0.5563
St 451 2.75 0.9067 492
Tol S, 407 3.05 0.0170
oluene
S 367 3.38 0.0448
(e = 2.3741) &
Sy 348 3.56 0.0156
Ss 343 3.61 0.5686
S 457 2.71 0.8924 497
S, 412 3.01 0.0157
THE S 374 3.31 0.0264
(e = 7.4257) 3 ' '
S4 348 3.56 0.0116
Ss 342 3.63 0.5700
S 459 2.70 0.8983 495
S; 413 3.00 0.0158
DCM
S3 375 331 0.0258
(e=8.93)
Sa 349 3.55 0.0113
Ss 342 3.63 0.5736
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Table S16. Computed S; = S, emission wavelengths (4), energies (E), and oscillator

strengths () for the studied dye 5 (with ethyl side chain) in different solvent states.

Solvent Wavelength Energy Oscillator Exp. values
(A) (nm) (E) (eV) strength (f) (nm)
fff;fffg;f 648 1.91 0.6749 622
](DSZX;;% g9y | 651 1.91 0.6992 706
?:l:uzegf; i | 653 1.90 0.7121 675
ESH:F7.4257) 681 1.82 0.8544 726
]()ECiV[&%) 683 1.81 0.8685 879

Table S17. Computed S; = S, emission wavelengths (%), energies (E), and oscillator

strengths (f) for the studied dye 6 (with ethyl side chain) in different solvent states.

Solvent Wavelength Energy Oscillator Exp. values
(A) (nm) (E) (eV) strength (f) (nm)
gilfoefzg)e 637 1.94 1.5674 639
][Jsi(:‘;g% 09) | 645 1.92 1.5924 699
?:lzu;g;l) 651 1.91 1.6110 679
EEH=F7.4257) 724 1.71 1.8097 722
aciv[&%) 732 1.69 1.8285 737

Table S18. Computed S; = S, emission wavelengths (%), energies (E), and oscillator

strengths (f ) for the studied dye 7 (with ethyl side chain) in different solvent states.

Solvent Wavelength Energy Oscillator Exp. values
(A) (nm) (E) (eV) strength (f) (nm)
gil(z’%loefg;)e 609 2.03 0.0510 542
]():‘:‘;;eo g9) | 609 2.04 0.0604 574
g:lzuzeg‘; " 609 2.04 0.0693 673
ESH=F7_4257) 615 227 0.1485 586
]éciw&%) 617 2.25 0.1613 -
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