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Abstract: A synthetic approach to two regioisomeric π-electron 

extended [1,4]thiaborins anellated with two benzothiophene units was 

developed. Obtained boracycles exhibit different electronic properties 

of the central thiaborin ring reflected in their different aromatic 

characters, boron Lewis acidity and UV-Vis spectroscopic behavior. 

Thiaborins were converted to boron dipyrromethene (BODIPY) 

complexes. Their emission spectra exhibit two distinct bands resulting 

from 1LE and 1CT transitions. Strong near infrared phosphorescence 

in Zeonex thin films at 77 K indicates efficient intersystem crossing 

and formation of triplet states. Separation of HOMO and LUMO 

orbitals between boracyclic and BODIPY moieties facilitates the 

electron transfer to a 1CT state followed by a transition to the 3LE 

triplet state located on the ligand. These unique properties of spiro 

thiaborin-BODIPY complexes were explored for their application as 

singlet-oxygen photosensitizers. They show excellent photocatalytic 

performance with singlet oxygen quantum yields reaching 77% and 

full conversion of the model organic substrate achieved after 1.5 h 

with only 0.05% mol catalyst load. 

Introduction 

Thiophene-based π-conjugated materials have been extensively 

studied due to their tunable and diverse optoelectronic properties 

which spread out their applications into different areas of organic 

electronics, including organic light-emitting diodes (OLEDs),[1–3] 

dye-sensitized solar cells (DCCSs),[4–7] organic field-effect 

transistors (OFETs)[8,9] and organic photovoltaics (OPVs).[8,10,11] 

Thiophene is characterized by outstanding electron and hole 

transport properties, whilst remaining chemically and thermally 

resistant. As the device performance ultimately originates from 

the molecular properties, the incorporation of electron-rich atoms 

such N, P or S emerged as an attractive method to modulate the 

electronic structure of the material.[12–17]  For instance, electron-

rich heterocycles such as phenothiazines[6,18,19] and their dithienyl 

congeners, namely dithieno[1,4]thiazines,[20–23] have attracted a 

of lot interest due to their low oxidation potentials and reversibility 

of the redox processes, as well as NIR luminescence.[24] 

Furthermore, the expansion of the dithieno[1,4]thiazines to the 

pentacyclic bis[1](benzothienylo)[1,4]thiazine (BBTT, Scheme 1) 

strongly favors luminescent behavior.[25–28] 

On the other hand, incorporation of an electron deficient atom 

such as boron atom into a π-electron conjugated system results 

in a significant lowering of the LUMO level which leads to electron-

deficient characteristics.[29–38] Fused triarylboranes are thus 

commonly utilized as dopants for electron-transporting 

materials,[39–43] anion-receptors,[44–48] Lewis acid catalysts,[49–60] 

and light-emitting materials.[61–67] From the known structures of 

boracyclic compounds,[44,68] boron-containing thiophene-fused 

systems are an especially fascinating class of functional materials 

thanks to their unique optical properties derived from the electron-

accepting character of boron atom combined with electron-

conducting and polarizable thiophene units.[69] Yamaguchi 

reported a pioneering work in this subject in 2011 with the first  
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Scheme 1. Molecular design of bis[1]benzothieno[1,4]thiaborins and their 
BODIPY complexes. 

successful synthesis of thiophene-based boroles.[70] They 

showed that thiophene rings enhance the antiaromatic character 

of the 5-membered boraheterocycle. In the following years, Piers 

and co-workers obtained light-emitting 

bis[1]benzothieno[1,4]diborins containing two boron atoms in the 

6-membered central ring.[71] Later, thiophene-fused analogues of 

diboraanthracenes were exploited as UV irradiation sensors.[72] 

Subsequently, 7-membered borepins fused with thiophene rings 

were introduced by Tavor and further studied by Ohshita, Adachi, 

and others.[73–77] Finally, Liu and co-workers reported successful 

synthesis of two isomeric dithieno[1,4]thiaborins (DTTBs, 

Scheme 1),[78] boron-based analogues of dithieno[1,4]thiazines.  

Although the tri-coordinate thienyl-fused boracycles emerged 

as promising building blocks for optoelectronic devices, reports 

concerning their chelate boron complexes are sparse.[79]  

Recently, we have demonstrated that spiro-organoboron 

complexes, i.e. where a tetracoordinate boron atom acts as a 

node connecting borafluorene and (N,O) or (N,N)-chelate ligand, 

can be utilized as efficient photosensitizers for generation of 

singlet oxygen.[80] Separation of the HOMO and LUMO orbitals 

localized on orthogonally aligned borafluorene and ligand 

moieties allows for efficient intersystem crossing to triplet state via 

spin-orbit charge transfer mechanism (SOCT-ISC).[81–83] 

Subsequent energy transfer from the triplet state of the 

photosensitizer to triplet oxygen (3O2) generates singlet oxygen 

(1O2). The latter, is a powerful oxidant used for selective oxidation 

of small-molecule organic substances[84,85] or degradation of 

biomolecules. It was successfully used for anticancer 

photodynamic therapy (PDT),[86–92] photodynamic antimicrobial 

inactivation,[93–97] degeneration of chemical toxins,[98,99] and water 

purification.[100,101] We have found that the photocatalytic activity 

of borafluorene-based dyads outperforms the commercially used 

photocatalysts such as Rose Bengal (RB) or 5,10,15,20-

tetraphenylporphyrin (TPP), making them promising candidates 

for new generation of heavy atom-free photosensitizers. 

Herein, we present the synthesis of two regioisomeric 

bis[1]benzothieno[1,4]thiaborins (BBTBs), which can be 

considered as the electron-deficient congeners of the electron-

rich anellated S,N-heteropentacenes such as BBTTs or,[102] 

alternatively, dibenzo extended analogues of DTTBs (Scheme 

1).[78] We have performed comprehensive studies of the basic 

molecular and structural properties of the newly obtained 

bis[1]benzothieno[1,4]thiaborins and used them as scaffolds for 

the construction of tetracoordinate boron dipyrromethane 

complexes (BBTB-BODIPY). We have shown that the optical 

properties of BODIPY complexes are derived from electronic 

properties of the BBTB cores. Finally, BBTB-BODIPY were 

utilized as efficient singlet oxygen photosensitizers in 

photocatalysis. 

Results and Discussion 

Synthesis. We have obtained two BBTB regioisomers differing 

by the mode of annulation of the benzothiophene units with 

respect to the central [1,4]thiaborin heterocycle. Following the 

nomenclature introduced for BBTTs,[25,28] the isomer with sulfur 

atoms located on the same side of the molecule as central sulfur 

atom is referred to as syn-syn-BBTB, while the other isomer is 

referred to as anti-anti-BBTB. The abbreviation is supplemented 

by the functionalization type at the boron atom specified after a 

dash (OH, Mes, Cl or BODIPY). As shown in Scheme 2 both  

  

Scheme 2. Synthesis of BBTB-OH and respective BBTB-BODIPY complexes.
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BBTB regioisomers were obtained from respective 

bis(benzothiophenyl)sulfides. Synthesis of syn-syn-BBTB-OH 

started from bis(benzo[b]thiophen-3-yl)sulfide, which was 

selectively deprotonated with n-BuLi. Obtained dilithium 

intermediate was treated with BCl2N(i-Pr)2 and subsequently 

hydrolyzed with 1M HCl. The anti-anti-BBTB-OH was prepared 

from bis(3-bromobenzo[b]thiophen-2-yl)sulfide subjected to a 

double Br-Li exchange reaction with n-BuLi. Then, one equivalent 

of BCl2N(iPr)2 was added followed by hydrolysis to give the final 

compound as a white solid. Both BBTBs were isolated in a form 

of borinic acid (BBTB-OH). Structures of obtained compounds 

were confirmed with 1H, 11B, 13C NMR spectroscopy, X-ray 

crystallography, HR-MS and elemental analysis. As indicated by 
1H NMR syn-syn-BBTB-OH undergoes very slow degradation 

when stored in air, while anti-anti isomer is completely stable 

under ambient conditions. 

In the second step, BBTB-OH were converted to B-

chlorinated derivatives (BBTB-Cl), which were instantly reacted 

with freshly prepared phenyldipyrromethene precursor in the 

presence of a base {N(i-Pr)2Et} to give corresponding BODIPY 

complexes (BBTB-BODIPY). Multinuclear NMR spectroscopy, X-

ray crystallography, elemental analyses and HR-MS confirmed 

the structure and purity of the final products. Obtained complexes 

show long-term stability under ambient conditions both in solid 

state and solution. 

Structural and physicochemical characterization of 

BBTB-OH. The molecular structures and selected crystal motifs 

of the two isomeric BBTB-OH are presented in Figure 1. The C–

S bond lengths (1.72–1.74 Å) and C–S–C bond angles (101–

103°) are comparable to the values found in the related DBTB 

structures.[78] The molecule of anti-anti-BBTB-OH is essentially 

planar, while the syn-syn-BBTB-OH is slightly bent with the 

angles between benzothiophene and [1,4]thiaborin mean planes 

of 4–6° (Figure S4.1, SI). In addition, the B–O bond deviates from 

the [1,4]thiaborin plane by 9°. Observed molecular distortions 

result from steric congestion provided by closely distanced O–H 

and C–H hydrogen atoms (dH…H = 1.93 Å < ΣrH
vdW = 2.2 Å). A 

through-space steric compression effect is reflected on the 1H 

NMR spectra;[103,104] specifically, the signal ascribed to 

benzothieno H5/H13 protons is strongly upfield shifted (𝛿H5/H13 = 

8.71 ppm), while the O–H proton downfield shifted (𝛿H1 = 9.56 

ppm) compared to the corresponding signals on 1H NMR 

spectrum of anti-anti isomer (𝛿H5/H13 = 8.12 ppm; 𝛿H1 = 10.36 ppm). 

In accordance, the DFT calculations performed at the M062X/6-

311++G(d,p) level of theory confirm higher stability of anti-anti-

BBTB-OH (ΔG = 23.1 kJmol-1).  

The anti-anti-BBTB-OH isomer crystallizes with DMSO 

molecule connected to the B–OH hydroxyl group by a short O–

H…O hydrogen bond (dO…O = 2.69(1) Å). A rigid and planar 

framework of BBTB facilitates formation of π-stacking 

interactions involving central [1,4]thiaborin ring bearing 

electropositive boron atom with electronegative oxygen, sulfur, or 

carbon atoms from the neighboring benzothiophene unit. Parallel 

molecules are oriented in a head-to-head fashion. In the case of 

anti-anti-BBTB-OH, the interactions between aromatic electron 

clouds are supported by more specific S…B interactions (dS…B = 

3.50(1) Å). This leads to the significant horizontal displacement of 

the stacked molecules (Figure S4.2, SI). In contrast, the 

molecules in the crystal structure of syn-syn-BBTB-OH are 

vertically displaced due to the relatively weak B…O 

intermolecular interaction of 3.77(1) Å, sustaining head-to-head 

fashion of molecular layout. Despite different mutual stacking 

arrangement, the dimer interaction energy calculated at M062X/6-

311++G(d,p) level of theory is comparable for both isomers. The 

high interaction energy value of ca. −60 kJ·mol-1 indicates that 

dimers or other π-stacked aggregates may persist in concentrate 

solutions. Apart from the π-stacking interactions, the 

supramolecular structure of the syn-syn isomer is based on two 

other motifs involving O–H…O hydrogen and multiple S…S 

chalcogen bonds.  

Topological analysis of electron density and its negative 

Laplacian function {L(r) = −∇2ρ(r)} within the quantum theory of 

atoms in molecules (QTAIM),[105] provides close insight into the 

mechanism of the formation of S…S chalcogen bond interactions. 

The molecular graph along with S…S BCPs, charge 

concentration (CC) and charge depletion (CD) points around 

sulfur atoms corresponding to the local maxima and minima of 

electron density, respectively, is shown in Figure 1c. Two charge 

concentration points appear in the plane bisecting the C–S–C 

angle. They can be directly associated with the lone electron pairs 

(LP) of the sulfur atoms. In addition to CC, two CD points located 

along the C–S bonds can be ascribed to the C–S antibonding 

orbitals, while the CD bisecting the C–S bonds agrees with the 

location of a σ-hole at the sulfur atom. The angular orientation of 

two neighboring molecules allows for optimal chalcogen 

interaction between sulfur atoms with lone electron pairs pointing 

toward charge depletion regions (σ-hole or σ*(C–S)). The values 

of electron density and Laplacian at BCPs (Table S6.1, SI) are 

comparable with experimental and theoretical values obtained for 

S…S interactions in thiophene-based systems.[106–108] 

 

Figure 1. Molecular structures of (a) anti-anti-BBTB-OH and (b) syn-syn-

BBTB-OH. Thermal ellipsoids were generated at 50% probability level. (c) 

Molecular graph showing S…S chalcogen bonds in syn-syn-BBTB-OH with the 

disposition of selected bond critical points {BCP(3, −1); green spheres}, charge 

concentration {CC(3, −3); blue spheres} and charge depletion points {CD(3, −1); 

red spheres}. Symmetry operation (#1): 1−x, −1/2+y, −z.  (d) Laplacian’s critical 

points around the sulfur atom (S2) in syn-syn-BBTB-OH. 

The 11B NMR spectra in DMSO-d6 (Figures S7.3 and S7.6, 

SI) show the appearance of two signals at 35 ppm and −6 ppm 

associated with three and tetracoordinate boron centers, 

respectively, indicating a strong Lewis acid character of BBTB-

OH capable of coordination with solvent molecules (water or 



RESEARCH ARTICLE    

4 

 

DMSO). Lewis acidic character of studied compounds was further 

quantitatively evaluated from the calculation of the Gibbs free 

energy values for complexation of the OH− and F− anions (Table 

S6.2, SI). The lower Gibbs free energy values confirm stronger 

Lewis acidic character of syn-syn-BBTB-OH. This is also 

reflected by the higher Hirshfeld atomic charge at the boron atom 

{q(B) = 0.146 e} relative to the anti-anti isomer {q(B) = 0.126 e}. 

In addition, from the comparison of respective isomers of BBTB-

OH and DTTB-OH, the former systems exhibit expected weaker 

Lewis acidity. This indicates that the extension of π-electron 

system by two side benzo units increases electron density at the 

boron atom leading eventually to larger total stabilization of the 

central [1,4]thiaborin unit. 

The annulation mode also strongly affects the symmetry and 

energy of frontier molecular orbitals (Figure S4.3, SI). While 

HOMO energy of anti-anti-BBTB-OH (EHOMO = −5.90 eV) is 

slightly elevated relative to the syn-syn isomer (EHOMO = −6.05 eV), 

the LUMO energy is significantly decreased (ELUMO = −2.04 eV for 

anti-anti-BBTB-OH and ELUMO = −1.54 eV for syn-syn-BBTB-

OH). The observed differences in electronic structures should be 

apparent in absorption and emission UV-Vis spectroscopy. As 

shown in UV-Vis spectra (Figure 2), the anti-anti-BBTB-OH 

exhibits two absorption maxima at 310 and 364 nm, and 

fluorescence at 378 nm (Table S2.1, SI). A rather distinct 

spectroscopic behavior is observed for the syn-syn isomer. Only 

one absorption band at λabs = 321 nm is observed, albeit, a new 

broad emission band at 588 nm appears. Furthermore, the 

intensities of emission bands are strongly concentration-

dependent, both being quenched at c > 10-4 M (Figure S2.12, SI). 

This quenching effect can be ascribed to the formation of π-

stacked aggregates.  

Calculated absorption and emission wavelengths generally 

correspond to the observed experimental bands, however, the 

calculations do not reproduce the red emission band in the syn-

syn isomer. We suppose that it corresponds to some dimeric or 

oligomeric structures formed due to chemical transformation 

under light irradiation. We have noted that the intensity of this 

band slowly increases over several days. This is accompanied by 

the turning of the initial colourless solution into pink. The 1H NMR 

analysis indicates the appearance of additional signals in the  

 

 

Figure 2. Absorption and emission spectra of BBTB-OH in toluene solution. 

aromatic region (Figure S7.7, SI). Notably, such effects were not 

observed for the anti-anti isomer, which agrees with its generally 

higher stability. 

To obtain further insight into the aromatic character of the 

studied thiaboracycles, we have carried out nucleus-independent 

chemical shift (NICS) calculations using GIAO protocol with 

B3LYP/6-311++G(g,p) level of theory. NICS were derived from 

calculations of the isotropic magnetic shielding (taken with a 

negative value) at the centroid of the aromatic rings {NICS(0)} and 

1 Å above and below the centroid (NICS(1) – taken as an average 

value). Benzene, thiophene, and 4-hydroxy-[1,4]thiaborin were 

used as reference systems. According to our results, the NICS(0) 

and NICS(1) values for 4-hydroxy[1,4]thiaborin are −3.36 ppm 

and −4.64 ppm, respectively, suggesting their moderate aromatic 

character. The fusion of thienyl rings leads to the weakening of 

aromaticity in DDTB-OH, which is even further reduced upon 

extension with peripheral benzene rings in BBTB-OH (Table 1). 

At the same time, the aromatic character of thienyl rings is 

significantly lower with respect to thiophene, while NICS values 

for the side benzo rings are comparable to benzene. Importantly, 

the aromaticity of the central [1,4]thiaborin and thienyl rings is 

considerably lower for the syn-syn isomer compared to  

 

Table 1. Comparison of NICS(0) and NICS(1) aromatic indicators in BBTB-OH, DTTB-OH, and referential compounds. All NICS values are provided in ppm. 

 [1,4]thiaborin thienyl benzo 

Compound NICS(0) NICS(1) NICS(0) NICS(1) NICS(0) NICS(1) 

4-hydroxy-[1,4]thiaborin  −3.36 −4.64 - - - - 

thiophene - - −12.93 −10.28 - - 

benzene - - - - −8.06 −10.23 

anti-anti-DTTB-OH[a] −3.50 −3.95 −11.37 −9.41 - - 

syn-syn-DTTB-OH[a] −2.85 −3.51 −10.50 −8.86 - - 

anti-anti-BBTB-OH[a] −3.18 −3.83 −9.10 −8.08 −8.82 −10.31 

syn-syn-BBTB-OH[a] −2.72 −3.31 −8.21 −7.39 −9.08 −10.49 

[a] NICS(0)/NICS(1) values are similar for two thiophene and benzene rings and therefore they were taken as average values. 
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the anti-anti counterpart. This is partially counterbalanced by the 

enhanced aromaticity of the peripheral benzene rings. Thus, it can 

be concluded that delocalization of the π-electron density is more 

efficient for anti-anti-BBTB-OH. This correlates with its lower 

boron Lewis acidity, higher stability, and red-shifted absorption 

and emission bands. 

Structural and optical properties of BBTB-BODIPY 

complexes. The single crystals of BBTB-BODIPY were obtained 

by diffusion method in DCM/hexane binary solvent system. 

Molecular structures are presented in Figure 4. In addition, we 

have obtained two toluene solvatomorphs of syn-syn-BBTB-

BODIPY, namely syn-syn-BBTB-BODIPY∙PhMe-A and syn-

syn-BBTB-BODIPY∙PhMe-B. They crystallize in orthorhombic 

(Pca21) and monoclinic (P21/c) crystal systems, respectively, both 

with one toluene and one BBTB-BODIPY molecule in the 

asymmetric part of the unit cell. Solvatomorphs are in polymorphic 

structural relation. All structures reveal the perpendicular spiro 

arrangement of the BBTB and BODIPY moieties around the 

central boron node. The molecular geometries of all syn-syn-

BBTB-BODIPY crystal forms are very similar (Figure S4.5, Table 

S4.3, SI) indicating that they are not significantly affected by the 

crystal field. The observed conformational rigidity results from the 

close proximity of the BODIPY unit and the peripheral BBTB-

benzo units, and indicating that likely the molecule remains rigid 

in solution. In contrast, in anti-anti-BBTB-BODIPY the internal 

strains are partially alleviated leading to a more pronounced 

conformational lability. As indicated by the αC21–B1–S2 angle of 

165.8(1)° the BBTB mean plane is in-plane shifted with respect to 

the ligand (Figure 3a). The meso-Ph group is even further shifted 

with αC30–C21–B1 angle value of 168.8(1)°. Apart from the in-plane 

distortions, the BBTB and BODIPY mean planes deviate from 

their mutual perpendicular arrangement, which is manifested by 

their rudder-like out-of-plane displacement (Figure 3a). DFT 

optimization of the anti-anti-BBTB-BODIPY molecule restores its 

ideal perpendicular conformation (Figure S6.8, SI). The energy 

difference between experimental (hydrogen atoms optimized 

while positions of other atoms preserved) and fully optimized 

theoretical structures is 11 kJ·mol−1. This leads to the conclusion 

that the observed molecular distortions result from the crystal field 

effects, while some conformational mobility can be expected in 

solution. We suppose that molecular mobility may influence 

optical properties of the system,[109,110] as different conformers 

may excite to energetically different states resulting in distinct 

intersystem crossing rates. 

Orthogonal spiro arrangement of BBTB and BODIPY moieties 

prevents close π-stacking interactions between flat molecular 

components as observed in BBTB-OH. Instead, the 

supramolecular structures are dominated by C–H…C(π) 

interactions forming slipped molecular stacks referred to as J-

aggregates (Figure 3). The distances between boron centers in 

such motifs are 8.124 Å (anti-anti isomer) and 7.887 Å (syn-syn 

isomer), while the interplane distances between the 

dipyrromethene moieties are 3.568 Å (anti-anti isomer) and 3.463 

Å (syn-syn isomer) resulting in slip angle of 26° for both isomers. 

The formation of J-aggregates is also observed in both toluene 

solvatomorphic forms of syn-syn-BBTB-BODIPY (Figure S4.4, 

SI). The distances between boron centers (7.633 Å and 7.675 Å), 

dipyrromethene interplane distances (3.443 Å and 3.547 Å), and 

slip angles (27° and 28°) are comparable with the non-solvated 

structure. However, the neighboring molecules are positioned 

differently, adapting either a head-to-head or head-to-tail 

orientation. Computations show that dimer interaction energies 

are high for J-aggregates ranging from −44.9 kJ·mol−1 to −59.3 

kJ·mol−1, remaining the strongest among other dimers in the 

corresponding crystal structures (Table S6.3, SI). This indicates 

that different types of J-aggregates may persist in concentrated 

solutions and thin films, further affecting their spectral properties. 

Both complexes display reversible first oxidation and first 

reduction cycles evident in the cyclic voltammograms (Figure 

S5.1, SI). Despite the differences in electronic properties of the 

parent BBTB-OH systems, oxidation half-wave potentials are 

comparable between the two isomeric BBTB-BODIPY (Table 2) 

counterparts. In turn, for anti-anti-BBTB-BODIPY the reduction 

half-wave potential is elevated by 0.10 V with respect to syn-syn-

BBTB-BODIPY. The obtained redox potentials are generally in 

agreement with the values obtained for spiro  

 

 

Figure 3. Molecular structures of (a) anti-anti-BBTB-BODIPY and (b) syn-syn-

BBTB-BODIPY. Fragment of crystal structure of (c) anti-anti-BBTB-BODIPY 

presenting the formation of J-aggregates. Thermal ellipsoids were generated at 

50% probability level. Hydrogen atoms are omitted for clarity. 
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Table 2. Summary of electrochemical redox potentials recorded in 0.1 M n-Bu4NBF4/CH2Cl2 for BBTB-BODIPY with cyclic voltammetry at a scan rate of 50 mV s−1. 

Compound Eonset
ox [a]/ V Eonset

red [b]/ V IP[c] / eV EA[d] / eV E1/2
ox [e] / V E1/2

red [f] / V 

anti-anti-BBTB-BODIPY 0.53 −1.77 5.63 3.33 0.63 −1.84 

syn-syn-BBTB-BODIPY 0.56 −1.88 5.66 3.22 0.65 −1.94 

[a] Oxidation onset potential, V; [b] Reduction onset potential, V; [c] Ionization potential, IP = e[Eonset
ox] + 5.1, eV; [d] Electron affinity, IP = e[Eonset

red] + 5.1, eV. [e] 

Oxidation half-wave potential; [f] Reduction half-wave potential. 

borafluorene-BODIPY dyads studied by Wang.[111] In parallel, the 

DFT (B3LYP/6-311++G(d,p) level of theory) calculations show 

that the HOMO is located solely on the BBTB core, while LUMO 

resides on the BODIPY moiety (Figures S6.6 and S6.7, SI). This 

indicates that BBTB will act as an electron donor and BODIPY as 

an electron acceptor in the electron transfer process. 

The optical properties of BBTB-BODIPY dyes were 

investigated in 5 solvents with different polarity including 

cyclohexane (chex), toluene (PhMe), chloroform (CHCl3), 

acetonitrile (MeCN), and ethanol (EtOH). Regardless of the 

choice of solvent, both complexes exhibit a vibronically resolved 

absorption band at 495–505 nm, showing a very similar 

absorption profile to other BODIPY complexes.[112] The emission 

spectra reveal presence of two luminescent components (Figure 

4, Table 3). The dominant component at 510–525 nm is only 

slightly dependent on solvent polarity, i.e. only a slight negative 

solvatochromic shift is observed. We attribute this component to 

emission from singlet local excited state (1LE) of the BODIPY unit, 

with excited state lifetimes in the range of 1.5–4.9 ns.[112] As a 

consequence of a more rigid structure, the absorption and 

photoluminescence maxima for the syn-syn isomer are 

systematically blue-shifted by 220–260 cm−1 with respect to the 

anti-anti isomer. Along with the 1LE emission band, a broad band 

at 550–800 nm can be observed. Emission lifetimes of this 

luminescent component are in the range of 0.69–4.15 ns 

indicating a fluorescent character of this transition. This 

photoluminescent component displays evident positive 

solvatochromic shifts for both isomers. Thus, we believe this band 

likely originates from a singlet charge-transfer excited state (1CT). 

The position and intensity of the 1CT band are strongly affected 

by the annulation mode reflecting the differences in the electronic 

structures of both BBTB scaffolds. Specifically, the 1CT band in 

the anti-anti derivative is red-shifted by 700–1200 cm−1 with 

respect to its counterpart. This can be associated with enhanced 

π-conjugation in the anti-anti-BBTB core, providing higher 

stabilization of the 1CT state. This is further confirmed by 

theoretical calculations discussed in the latter part of the article.  

Unlike typical BODIPY complexes that are generally highly 

luminescent in dilute solutions,[113] BBTB-BODIPY fluorescence 

is almost completely quenched (QYF < 3 %). Low temperature  (T 

= 77 K) time-resolved photoluminescence spectra recorded in  

 

 

Table 3. UV-Vis absorption and emission data for BBTB-BODIPY complexes in different solvents, solid state, and Zeonex film together with fluorescence lifetimes 

recorded with TCSPC. QYF stands for fluorescent quantum yields, Δṽ for Stokes shifts, and τ for fluorescent lifetimes. 1LE and 1CT refer to local and charge transfer 

excited states, respectively. 

 Solvent ()[a] λabs / nm 

(ε[b] / 104 M−1 cm−1) 

λem(1LE)[c] 

/ nm 

Δṽ / cm−1 τLE / ns λem(1CT)[c] 

/ nm 

τCT / ns QYF / % 

anti-anti-

BBTB-

BODIPY 

chex (2.02) 504 522 680 
1.89(9)  

/ 3.7(2)[d] 
602 

0.69(1)  

/ 3.97(3)[d] 
0.5% 

PhMe (2.38) 506 (9.42) 523 640 2.38(2) 604 
0.88(2)  

/ 3.8(1)[d] 
0.2% 

CHCl3 (4.81) 504 (7.18) 520 610 2.84(5) 642 
0.79(2)  

/ 4.15(6)[d] 
0.2% 

MeCN (37.5) 499 516 660 
1.69(3)  

/ 4.0(1)[d] 
649 - 0.2% 

EtOH (24.5) 501 518 655 2.86(1) 641 3.52(1) 0.7% 

syn-syn-

BBTB-

BODIPY 

chex (2.02) 501 515 540 2.56(1) 574 2.69 (1) 2.8% 

PhMe (2.38) 502 (7.53) 516 540 2.55(1) 595 2.51(1) 1.1% 

CHCl3 (4.81) 501 (6.59) 514 505 2.64(1) 597 2.38(1) 0.6% 

MeCN (37.5) 496 509 515 
2.45(8)  

/ 4.9(1)[d] 
621 2.43(1) 0.3% 

EtOH (24.5) 498 512 550 3.45(1) 610 2.58(1) 0.9% 

[a] Solvent dielectric constant is provided in brackets. [b] Molar absorption coefficient can only be reliably evaluated in PhMe and CHCl3 solutions, in the remaining 

solvents the solubility is too low. [c] The values were estimated by deconvoluting experimental spectra. [d]Fluorescence lifetimes obtained from a bi-exponential fit 

of the TCSPC traces. 
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Figure 4. (a, b) Absorption and (c, d) emission spectra of BBTB-BODIPYs in various solvents. 

0.5 % Zeonex thin films show intense near infrared 

phosphorescence band at λem = 732 nm for anti-anti-BBTB-

BODIPY and λem = 727 nm for syn-syn-BBTB-BODIPY (Figure 

5). The phosphorescence spectra display a second vibronic peak 

at ca. 820 nm with potentially other vibronic peaks extending out 

beyond the spectral window. Phosphorescence lifetimes were 

estimated at ~200 ms. Such relatively long phosphorescence 

lifetime is suggestive of its dominating π-π* 3LE character. 

Strongly phosphorescent properties of both BBTB-BODIPY 

isomeric complexes are indicative of fast intersystem crossing 

and elevated triplet formation yields in optical excitation, which is 

consistent with the unusually low fluorescence quantum yields. 

Emission spectra of both BBTB-BODIPY isomers in powder 

are drastically different from the spectra in solution. In particular, 

the emission band at 520 nm, observed in solution, is not present, 

which is accompanied by the appearance of a red-shifted broad 

emission band with maximum at 672 nm in anti-anti-BBTB-

BODIPY and 637 nm in syn-syn-BBTB-BODIPY (Table 4, 

Figure 6). Both of the emission spectra display broad 

photoluminescence shoulders at λ > 700 nm. These differences 

can be attributed to J-aggregate formation as usually observed in 

other dyes displaying J-aggregate crystal motifs.[111,114–116] It 

should be noted that the fluorescence quantum yield of anti-anti-

BBTB-BODIPY in solid state is higher by a factor of 15 with 

respect to dilute solution, suggesting aggregation-induced 

emission (AIE) behavior of this luminophore.[111,117] Despite this 

increase however the QYF remains relatively low. To further study 

the AIE behavior of the two luminophores we record fluorescence 

intensity in MeCN/water mixtures with different volumetric 

fractions of water. The experiment shows that a fluorescence 

band at 633 nm in anti-anti-BBTB-BODIPY emerges and then 

significantly increases when water content exceeds 60 % (Figure 

S2.1, SI). This behavior is consistent with J-aggregate formation. 

To further investigate the optical properties of the BBTB-

BODIPY dyes, we have prepared Zeonex[118] thin films with 

concentrations ranging from 0.005 %wt to 10 %wt (Figure 6). The 

emission spectra in low concentration films at room temperature 

are generally similar to those recorded in cyclohexane solution, 

consistent with the low polarity environment of the Zeonex host. 

 

Figure 5. Phosphorescence spectra of BBTB-BODIPY isomers recorded in 

0.5% Zeonex thin films at 77 K. 
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Figure 6. Emission spectra in Zeonex films at gradually increasing weight 

concentrations for (a) anti-anti-BBTB-BODIPY and (b) syn-syn-BBTB-

BODIPY. Respective photoluminescence spectra recorded in powder are 

shown for comparison. 

Table 4. Summary of photoluminescence properties of BBTB-BODIPY 

complexes in powder and Zeonex films. 

  λem / nm QYF / % 

anti-anti-BBTB-

BODIPY 

Zeonex (0.005 %) 515 0.1% 

Zeonex (10 %) 632 0.1% 

Powder 672, 732 6.5% 

syn-syn-BBTB-

BODIPY 

Zeonex (0.005 %) 513 3.7% 

Zeonex (10 %) 582 5.9% 

Powder 590, 637, 684  1.3% 

 

When the concentration reaches 10 %, the emission spectra 

become more similar to the spectra in powder. Interestingly, 

fluorescence spectra recorded at intermediate concentrations are 

not a simple sum of the luminescent components recorded in 

0.005 %wt and at 10 %wt films. Instead, both complexes exhibit 

a systematic bathochromic shift of the emission spectrum with 

increasing dye concentration. This suggests a gradually 

increasing size of the aggregates formed. Consistent with this 

finding is a further red shifted photoluminescence in bulk powder. 

Photocatalytic activity of BBTB-BODIPY. The observed 

formation of long-lived 3LE triplet states suggests the possibility of 

using BBTB-BODIPY as singlet oxygen photosensitizers. The 

efficiency of this process was determined by monitoring the drop 

in intensity the absorption band of 1,3-diphenylisobenzofuran 

(DPBF, λabs = 412 nm) - a well-known chemical trap for 1O2 

detection (Figure S3.5, SI). According to our results, BBTB-

BODIPY complexes show quantum high yields of singlet oxygen 

production (QYO) in DCM of 73 % and 77 % for the anti-anti and 

syn-syn isomers, respectively. These values are comparable to 

that of 2,6-diiodinated BF2-BODIPY (QYO = 79 %, MeCN),[119] 

Rose Bengal (RB; QYO = 79 %, MeOH)[120] or 5,10,15,20-

tetraphenylporphyrin (TPP; QYO = 55 %, CHCl3).[121] 

To further verify the usability of BBTB-BODIPY complexes as 

singlet oxygen photosensitizers, we have performed a series of 

oxidation reactions using 2-furoic acid as a model organic reagent. 

The oxidation of 2-furoic acid with singlet oxygen proceeds 

according to the [2+4] cycloaddition mechanism leading to 5-

hydroxyfuranone as the final oxidation product. Samples 

containing 0.05 %mol photosensitizer with respect to the starting 

compound were dissolved in CHCl3 and irradiated with neutral-

white LED light under air at 25 °C (irradiance: 1200 W∙m−2). 

Progress of the reaction was monitored using 1H NMR. In parallel 

experiments, stability of the photosensitizers were tested 

maintaining conditions from photocatalytic reactions with 2-furoic 

acid (Figures S3.1-S3.3, SI). Both complexes demonstrate high 

photostability with the estimated half-life of ca. 60 h for anti-anti-

BBTB-BODIPY and ca. 200 h for syn-syn-BBTB-BODIPY. For 

comparison, widely studied Rose Bengal (RB) and 5,10,15,20-

tetraphenylporphyrin (TPP) photocatalysts half-decompose after 

0.5 h and 16 h of irradiation, respectively (measured at the same 

conditions).[80] In addition, both BBTB-BODIPY complexes are 

resistant toward hydrolysis, which can be concluded from stability 

experiments performed at the same conditions, but without 

irradiation (Figures S3.1 and S3.2, SI). 

Photocatalytic experiments clearly show that BBTB-BODIPY 

catalysts are very active singlet oxygen generators with the total 

conversion of 2-furoic acid achieved after 1.5 h (turnover 

frequency, TOF = 1330 h−1) and 2 h (TOF = 1000 h−1) for the anti-

anti and syn-syn isomers, respectively (Figure 7). They 

outperform RB (TOF = 494 h−1) and TPP (TOF = 446 h−1) 

photocatalysts, studied in the same conditions.[80] We have  

 

Figure 7. Reaction profiles for the catalytic oxidation of 2-furoic acid with 0.05 % 

BBTB-BODIPY. Conditions: T = 25 °C; constant stirring and irradiation, 26 W 

neutral-white LED source; sample irradiance: 1200 W‧m−2; 2-furoic acid 

concentration c = 12 mg‧mL−1. 
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observed that the syn-syn isomer is more active which is in 

agreement with its higher QYO value. Enhanced activity of syn-

syn-BBTB-BODIPY probably results from its lower 

conformational lability. We speculate that some mutual 

movements between BBTB and BODIPY units activate 

deexcitation pathways from the triplet state, although further 

studies are necessary to confirm this hypothesis. 

DFT computations. To shed more light on the mechanism 

underpinning the observed photocatalytic activity of BBTB-

BODIPY complexes we have performed a series of TD-DFT 

calculations at B3LYP/6-311++G(d,p) level of theory. The 

character of the excited states was deduced from natural 

transition orbitals analysis (NTOs). We predict two main 

absorption maxima at ca. 450 nm and 600 nm. The absorption at 

450 nm can be associated with the experimentally observed band, 

although it is typically underestimated with respect to the 

experimental value (~500 nm). The longer-wavelength absorption 

band involves a transition between HOMO and LUMO orbitals 

localized on the BBTB and BODIPY units, respectively. It can be 

thus ascribed to a charge transfer transition, which, due to the 

perpendicular orientation of both moieties, is almost forbidden 

and therefore displays a negligible absorption coefficient.  

The TD-DFT calculations reveal the two lowest singlet excited 

states with a CT character (1CT1 and 1CT2), a third singlet excited 

state displaying hybrid local-charge transfer character (1HLCT3) 

and a fourth BODIPY-localized state (1LE4). Furthermore, we also 

find two low-energy triplet states: 3LE1 localized on the BODIPY 

moiety and 3CT2 of a charge-transfer nature. The localized 

character of the 3LE1 is also confirmed by the spin density 

calculation (Figure S6.14, SI). The energy of this state is 1.46 eV 

for the anti-anti and 1.47 eV for the syn-syn isomers, respectively, 

and is comparable to the triplet energy found in compact donor-

acceptor BODIPY photosensitizers.[81,83,122–130] We believe the 

observed fluorescence emission at ca. 520 nm originates from the 
1HLCT3 or 1LE4 states, while the more red-shifted emission in 

solutions can be attributed the 1CT1 or 1CT2 states. The 

assignment of 3LE1 character to the lowest triplet state  agrees 

with the experimental data. This is evidenced by a resolved 

structure of the phosphorescence spectrum with two clear 

maxima visible in the spectral window: at ca. 730 nm and 820 nm. 

Populating the 1CT1 state most likely occurs via the electron 

transfer from the BBTB to the BODIPY moieties (process 2, 

Figure 8). In a subsequent step 1CT1 state converts to higher 

vibronic levels of 3LE1 state via spin-orbit charge transfer 

intersystem crossing (SOCT-ISC, process 3b). The SOCT-ISC 

mechanism has been postulated for related borafluorene-based 

BODIPY photosensitizers,[80] as well as other compact donor-

acceptor BODIPY dyads[81,128–139] and is broadly recognized as 

the important underlying mechanism for ISC and reverse ISC 

(RISC) in thermally activated delayed fluorescence (TADF) 

emitters.[140] 

Conclusion 

We have developed a synthetic route to 

bis[1]benzothieno[1,4]thiaborins – new boracyclic scaffolds 

composed of a central [1,4]thiaborin ring fused with two 

benzothiophene aromatic units. scXRD analysis shows that the 

obtained BBTB-OH are characterized by planar molecular 

structures, although some deviation from planar geometry is 

observed due to internal strains in the case of the syn-syn isomer. 

DFT calculations show that anti-anti-BBTB-OH is characterized 

by a more advantageous π-conjugation leading to an increased 

aromatic character of the central [1,4]thiaborin ring and larger 

stabilization of the LUMO energy level. The observed differences 

in electronic structures are reflected in their optical properties, i.e. 

absorption and emission bands of the anti-anti isomer are 

bathochromically shifted with respect to the syn-syn isomer.  

The BBTB-OH boracycles were converted to respective 

BBTB-BODIPY complexes. Although both complexes share 

some similar photophysical features resulting from the same 

ligand structure, important differences are visible in the red region 

of the emission spectra. This is especially noticeable in the 

positions and intensities of the 1CT emission bands as well as in 

solid-state luminescence behavior reflected in strong J-

aggregation-induced red-shifted emission for both isomers and 

AIE behavior of the anti-anti isomer. The photophysical analysis 

and TD-DFT calculations revealed that BBTB can serve as a 

donor in the formation of a 1CT state. The intense near infrared 

phosphorescence observed at low temperature in Zeonex films 

and very weak fluorescence intensity indicate efficient 

intersystem crossing leading to elevated triplet formation yields. 

Both complexes can serve as very effective photocatalysts with 

full conversions achieved within 2 h with only 0.05 %mol catalyst 

load, as evidenced by oxidation of 2-furoic acid with the 

photogenerated 1O2. 

 

 

Figure 8. (a) Calculated energy diagram demonstrating the photophysical processes in anti-anti-BBTB-BODIPY (analogous energy diagram was obtained for syn-

syn isomer presented in Figure S6.5 in SI). (b) NTOs for singlet and triplet excited states relevant to the formation of the lowest-energy triplet excited state.
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Experimental Section 

Optical properties: The UV-Vis absorption spectra were recorded using 

a Hitachi UV-2300II spectrometer. The emission spectra of solutions were 

recorded using Edinburgh FS5 equipped with an enhanced range 

photomultiplier detector (PMT-EXT). The measurements were performed 

at room temperature, according to published procedures.[141,142] Suprasil 

quartz cuvettes (10.00 mm) were used. 1.5 nm slits were used for 

absorption and emission spectra. To eliminate any background emission, 

the spectrum of pure solvent was subtracted from the samples’ spectra. 

Quantum yields of emission were determined in diluted solutions (OD < 

0.03 for longest wavelength band) by comparison with known standards – 

BBTB-OH: Quinine sulfate (0.05 M H2SO4 solution, QYF = 0.5244),[143]  

BBTB-BODIPY: fluorescein (0.1 M NaOH, QYF = 0.92).[144] 

Concentrations of BBTB-OH and BBTB-BODIPY were adjusted to reach 

similar absorbance to the absorbance of reference solution at the 

excitation wavelength. Both compounds were excited at 380 nm. 

Fluorescence quantum yield was calculated according to the formula (1). 

QYx
F = QYr

F ∙
𝐹x

𝐹st
∙

1−10−𝐴st

1−10−𝐴x
∙

𝑛x
2

𝑛st
2        (1) 

Where F is the integrated photon flux (2) of sample (x) and reference (r), 

A is the absorbance at the excitation wavelength, n is the refractive index 

of used solvents.  

𝐹 = ∫ 𝐼c 𝑑𝜆em  = ∫
𝐼(𝜆em)

𝑠(𝜆em)
𝑑𝜆em      (2) 

Photon fluxes (F) were calculated by integration of corrected spectra (Ic), 

obtained by (I) division of intensity of emission spectra by the spectral 

responsivity (s) in corresponding wavelengths (λem). All measurements 

were carried out at room temperature.  

Emission spectra of powder samples and thin Zeonex films were 

measured using front-face collection mode. Quantum yields of powder 

samples and thin Zeonex films were measured using an integrating sphere 

(Edinburgh Instruments FS5) according to the known procedure.[145] Solid 

samples were excited at the wavelength corresponding to the absorption 

maximum observed in the solid state. Thin Zeonex films were obtained via 

drop casting on quartz substrates. Chloroform solutions (mass ratio from 

0.005 to 10 %) were deposited on quartz plates, let to dry, and vacuum-

dried.  

Fluorescence lifetime measurements were acquired using Time 

Correlated Single Photon Counting (TCSPC) system equipped with a 

picosecond pulsed 340 nm EPLED source.  

Phosphorescence lifetime and spectra were recorded using 

nanosecond gated luminescence and lifetime measurements (from 400 ps 

to 1 s) with the third harmonic of a high-energy pulsed Nd:YAG laser 

emitting at 355 nm (EKSPLA) as the excitation source. The emitted light 

was focused onto a spectrograph and detected with a sensitive gated 

iCCD camera (Stanford Computer Optics) having sub-nanosecond 

resolution. Further details are available in reference.[146] Cryogenic 

conditions in this experiment were obtained using a liquid nitrogen cryostat 

VNF-100 (sample in flowing vapor, Janis Research). 

 

Theoretical calculations: (1) Methods: Theoretical calculations were 

performed using Gaussian16 program.[147] Molecules were optimized 

using M062X (DFT)[148] method with 6-311++G(d,p) basis set.[149]  

Molecular orbitals and TD-DFT calculations were performed using B3LYP 

functional[149,150] at the 6-311++G(d,p) basis set. (2) Optimization: The 

starting geometries were adopted from corresponding crystal structures. 

Prior to optimization, C-H bonds were elongated to standard neutron 

values. Following geometry optimization, the vibrational frequencies were 

calculated and the results showed that optimized structures are stable 

geometric structures. In optimization processes no symmetry constraints 

were applied. (3) Intermolecular interaction energies: The dimer 

interaction energies were calculated using the supermolecular method 

including Basis Set Superposition Error (BSSE). The dimers were 

extracted from the crystal structure and all C−H bonds were elongated to 

average neutron values. (4) Acidic properties:  The Lewis acidic 

properties of BBTB-OH were evaluated from the calculations of Gibbs free 

energy for the complexation of hydroxyl group or fluoride ion to respective 

boron centers. All calculations were performed using solvent field of water. 

(5) QTAIM: The topological analyses of the calculated electron densities 

were accomplished in terms of the QTAIM approach[105] and were carried 

out using AIMAll.[151] In the framework of this approach critical points (CPs) 

together with the bond paths (BPs) were found as well as charge 

concentrations (CC) and charge depletion (CD) points. To determine the 

nature and relative strength of intermolecular interactions, electron density, 

and its Laplacian was evaluated at the BCPs. (6) NICS: Nucleus-

independent chemical shifts (NICS) were calculated for points located at 

the center of the aromatic rings (NICS(0)) and the points 1Å above and 

below the center of the ring.[152] The latter values were averaged to yield 

NICS(1). NICS is defined as the negative value of the absolute shielding 

computed at a certain point. The computations were performed applying 

GIAO procedure in Gaussian16. (7) TD-DFT calculations: Excited state 

geometries of BBTB-BODIPY were obtained with TD-DFT methods 

starting from ground state optimized geometries. To take into account the 

conditions of fluorescence measurements, TD-DFT calculations were 

carried out in the presence of the DCM solvent field with the polarizable 

continuum model (PCM) using the CPCM polarizable conductor 

calculation model.[153] Obtained singlet and triplet excited state geometries 

are quite similar and overlap with corresponding ground state geometries. 

For each excited state, natural transition orbitals (NTO) were 

calculated.[154] The MOs and NTOs were visualized with the Avogadro.[155]  

Electrochemistry: Cyclic voltammetry was conducted in a three-electrode, 

one-compartment cell. All measurements were performed using 0.1 M 

Bu4NBF4 (99%, Sigma Aldrich, dried) solution in dichloromethane 

(ExtraDry AcroSeal®, Acros Organics). All solutions were bubbled with 

nitrogen prior to measurement and the measurement was conducted in 

nitrogen atmosphere. Electrodes: working (Pt disc d = 1 mm), counter (Pt 

wire), reference (Ag/AgCl calibrated against ferrocene). All cyclic 

voltammetry measurements were performed at room temperature with a 

scan rate of 50 mV s–1. The ionization potential (IP) and electron affinity 

(EA) are obtained from onset redox potentials; these figures correspond to 

HOMO and LUMO values, respectively. The ionization potential is 

calculated from onset oxidation potential  IP = e[Eonset
OX] + 5.1 eV and the 

electron affinity is calculated from onset reduction potential EA = 

e[Eonset
RED] + 5.1 eV.[156–159] We assume an uncertainty of ±0.02 V to the 

determined redox potentials. 

X-ray crystallography: Single crystals of BBTB-OH and BBTB-BODIPY 

were obtained by slow evaporation of DMSO, CHCl3 or toluene solutions. 

All crystals were measured at 100 K on SuperNova diffractometer 

equipped with Atlas detector (Cu-Kα radiation, λ = 1.54184 Å or Mo-Kα 

radiation, λ = 0.71073 Å). In all cases a selected crystal was maintained at 

a low temperature (T = 100 K) with the use of Oxford Cryosystems nitrogen 

gas-flow device. The crystal structures were established conventionally via 

X-ray data refinement employing the Independent Atom Model (IAM). Data 

reduction and analysis were carried out with the CrysAlisPro suites of 

programs.[160] All structures were solved by intrinsic phasing using 

SHELXT[161] and refined using SHELXL-2014[162] with Olex2 suite.[163]  All 

non-hydrogen atoms were refined anisotropically. All carbon-bound 

hydrogen atoms were placed in calculated positions with the C−H 

distances of 0.95 Å and Uiso(H) = 1.2Ueq(C). The positions of O−H 

hydrogen atoms in BBTB-OH were derived from difference electron 

density maps, then the O−H distances were fixed to 0.84 Å with a standard 

deviation of 0.01 Å. All-important crystallographic data including 

measurement, reduction, structure solution, and refinement details are 

included in Tables S4.1 and S4.2. (SI) or in the associated CIF files. 

Deposition Number(s) <url 

href="https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ch

em.202300680"> 2209296 (for anti-anti-BBTB-OH), 2209297 (for syn-

syn-BBTB-OH), 2209298 (for anti-anti-BBTB-BODIPY), 2209299 (for 

syn-syn-BBTB-BODIPY), 2209300 (for syn-syn-BBTB-BODIPY∙PhMe-

A), 2209301 (for syn-syn-BBTB-BODIPY∙PhMe-B)</url> contain(s) the 

supplementary crystallographic data for this paper. These data are 

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202300680
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202300680
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provided free of charge by the joint Cambridge Crystallographic Data 

Centre and Fachinformationszentrum Karlsruhe <url href=" 

http://www.ccdc.cam.ac.uk/structures ">Access Structures service</url>. 

Photocatalytic reactions: Catalytic reactions were performed using 

homemade photoreactor, which ensures stable and repeatable 

conditions.[80]  The reactor comprises of aluminium tube (Ø = 150 mm) 

equipped with 26 W neutral-white light (CIE 1931 (0.38899;0.37837)) LED 

stripe (54 diodes) and plastic cover containing 8 holes for 4 ml vials 

allowing for parallelization of the experiment (Figure S3.6, SI). The LED 

stripe was glued inside the tube. To the bottom of the aluminium tube three 

plastic legs were attached to ensure flow of air. The cover was equipped 

with a fan (Ø = 60 mm) with air diffusor, while the aluminium tube was 

cooled by a copper coiled tube heat exchanger sticked to the outside wall 

of the reactor. Temperature inside reactor was controlled by placing Pt-

100 thermometer into one of the reaction vials filled with chloroform. Under 

such conditions the temperature inside the reactor was maintained at 

25 °C. Vials containing 1.5 mL of CHCl3 solutions of 2-furoic acid (12 mg‧

mL−1; 0.107 M) and BBTB-BODIPY (0.05% mol with respect to substrate, 

5.4∙10-5 M) were placed in the photoreactor. The distance from the light 

source was the same for all samples (25 mm), providing the same 

irradiance of 1200 W‧m−2. The reactor was placed on magnetic stirrer. 

Each vial was equipped with cross shaped stirrer bars to ensure vigorous 

stirring. Reaction progress was monitored by 1H NMR spectra analysis of 

the reaction mixture sampled after a given time. The control experiments 

show that reaction does not proceed neither in the absence of light nor 

photocatalyst. 

Photocatalytic and hydrolytic stability: Photocatalytic stability was 

determined with UV-Vis spectroscopy using a Hitachi U-2800 

spectrophotometer. Experimental conditions were retained from 

photocatalytic test reactions. Concordantly, 4 mL vials containing 1.5 mL 

of CHCl3 solutions of BBTB-BODIPY (c = 5.4∙10-5 M, 1.5 mL) were placed 

in the photoreactor. Samples were irradiated with 26 W neutral-white light 

LED strips (irradiance 1200 W∙m-2) for 10 h straight. The decomposition 

process was monitored with UV-Vis spectroscopy with even 1 h time 

probing period (Figures S3.1, S3.2, SI). The parallel experiments were 

performed without light to determine hydrolytic stability. The half-time of 

pseudo-first order decomposition of BBTB-BODIPY were estimated from 

the drop in absorption intensity at the absorption maximum wavelength 

(Figure S3.3, SI). The respective values for referential compounds (Rose 

Bengal and 5,10,15,20-tetraphenylporphyrin) were adopted from our 

previous studies.[80] The experimental conditions were identical for all 

referential and studied samples. 

 

Singlet-oxygen generation studies: Singlet-oxygen generation studies 

were performed using 1,3-diphenylisobenzofuran (DPBF) as a chemical 

trap in DCM at 10-4 M concentration of the BBTB-BODIPY photosensitizer. 

The samples were irradiated with 523 nm Oxxius diode laser (50 mW) light 

source. Both BBTB-BODIPY were stable under experimental conditions 

as their absorption bands remained unchanged during the experiment 

(see Figure S3.5, SI). The irradiation direction was perpendicular with 

respect to UV-Vis spectra registration. Whole process was monitored in 

situ. Full UV-Vis spectrum of the mixture was collected in even time 

periods. Drop in absorbance of the DPBF trap was monitored at 412 nm 

(DPBF absorption maximum). Methylene Blue (MB) was used as a 

reference (QYO = 57%).[164,165] The singlet  oxygen  quantum  yield  was  

calculated  by  the  relative method (3): 

QYx
O = QYr

O 𝑘x

𝑘r

1−10−𝐴r

1−10−𝐴x
        (3) 

where x and r stays for substance under study and reference, respectively; 

QYO is singlet oxygen quantum yield, k denotes rate constant of DPBF 

reaction with singlet oxygen, A represents the absorbance of the 

investigated or reference photosensitizer at the excitation wavelength. 
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