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A B S T R A C T

A series of new boron-dipyrromethenes (BODIPYs) bearing 4-carboxyphenyl unit at the meso (8) position of the 
BODIPY core have been successfully synthesized through the reactions of 2,4-diaryl substituted pyrroles with 4- 
formylbenzoic acid. The palladium-catalyzed Suzuki-Miyaura coupling reactions were performed on the meso 
unsubstituted BODIPY derivatives with 4-carboxyphenyl boronic acid to obtain distal and proximal substitution. 
Chemical structures were characterized using high resolution mass spectrometry (HRMS), 1H/13C NMR, and FTIR 
spectroscopy. The photophysical properties, excited state dynamics, and thermal degradation profiles were 
investigated in terms of aromatic subunits using electronic absorption/fluorescence measurements, femtosecond 
transient absorption spectroscopy, and thermogravimetric analysis (TGA), respectively. Experimentally investi
gated absorption and fluorescence properties, as well as structural features, were clarified using density func
tional theory (DFT) and electron-hole analysis. The absorption of the compounds ranges from 504 to 594 nm, and 
their emission ranges from 609 to 640 nm, depending on the aromatic groups at the BODIPY core. Performed 
pump probe spectroscopy measurements revealed that the excited state lifetime is shortened for 3,5 (proximal) 
positions compared to 1,7 (distal) positions due to increasing interactions between the molecular orbitals. The 
local n–π and π-π* excitations from DFT calculations and electron-hole analysis mainly characterize the electronic 
transitions, leading to limited intramolecular charge transfer to the BODIPY core. Charge transfer is highest at the 
3,5-positions, decreases at the meso (8) position, and is lowest at the 1,7-positions of the BODIPY core. The newly 
developed BODIPYs with carboxyl groups show potential as agents in applications demanding extensive ab
sorption and strong emission characteristics.

1. Introduction

Recently, there has been great interest in 4,4-difluoro-4-bora-3a,4a- 
diaza-s-indacene dyes (BODIPYs) (Fig. 1) as fluorescent molecules in 
diverse applications such as bioimaging [1–3], photodynamic therapy 
(PDT) [4–7], chemical sensors [8–11], dye-sensitized solar cells (DSSCs) 
[12–14] and light emitting diodes [15–17]. Thanks to their versatility in 
chemical modification, there are almost endless options for creating new 
compounds with desired properties. BODIPY compounds have high light 
absorption (ε > 7 × 104 M− 1cm− 1) and fluorescence properties (Φ ca: 
0.5–0.8) in the visible region spectrum. They also have a relatively small 
Stokes shift (around 10 nm). BODIPYs with various active chemical 
groups alter their general photophysical properties, crucial for their 
application success [18–22]

Carboxylic acid (-COOH) groups meet some requirements due to 
their binding abilities to the compounds. For example, carboxylic acid 
subunits are essential for covalent bonding to semiconducting surfaces 
in photovoltaic systems such as dye-sensitized solar cells [13,23–25]. 
Similarly, carboxyl groups are important in bioimaging applications and 
quantitative analyses where fluorophore-amino acid interactions are 
required. In this respect, the presence of carboxyl groups in the BODIPY 
core may be considered as a feasible way to make BODIPY chromo
phores more useful while preserving their photophysical properties.

Despite the novel synthetic versatility of BODIPYs and the abun
dance of approaches in the literature, there are still synthetic limitations 
in introducing both carboxylic acid and substituted aryl functionalities 
at the 1,7 (distal) and 3,5 (proximal) positions of the BODIPY core. Thus, 
although the BODIPY fluorophores have been widely studied, 
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photophysical, thermal properties and excited state dynamics of the 
carboxyphenyl appended BODIPYs have rarely been systematically 
studied in terms of substitution position on the BODIPY skeleton (Fig. 1) 
[26,27]. The literature indicates that aryl groups positioned at the meso 
(8) location exert only a minimal impact on the optical properties of 
BODIPYs. Attributed to the orthogonal orientation of the meso-phenyl 
moiety in relation to the planar BODIPY core, this configuration reduces 
the conjugation between the two units [22,28].

In this study, to enhance the conjugation as well as the extent of 
absorption and fluorescence, 2,4-aryl substituted pyrrole derivatives 
were employed to synthesize meso-carboxyphenyl BODIPYs in the initial 
series (compounds B2–B4). B1 was synthesized from the pyrrole as a 
reference compound. To further enhance absorption and fluorescence, 
we synthesized meso-unsubstituted BODIPYs (U1 and U2) by connect
ing two aryl-pyrrole derivatives; these compounds contain 4-bromo
phenyl groups at the distal (1,7) or proximal (3,5) positions of the 
BODIPY core (Fig. 1) that allow the addition of carboxyphenyl groups 
via Pd catalyzed Suzuki-Miyaura coupling reactions. In order to ascer
tain the effect of distal (1,7) and proximal (3,5) positions of the BODIPY 
core on the photophysical characteristics, 4-bromophenyl groups were 
methodically appended at the proximal positions in U1 and at the distal 
positions in U2. Thus, we synthesized the resulting BODIPYs B5 and B6 
with carboxybiphenyl groups, eliminating the conjugation-limiting meso 
group.

In summary, to expand the arsenal of the BODIPY tool, novel BODIPY 
derivatives including 4-carboxyphenyl and 4-carboxybiphenyl subunit 
(s) at the meso (8) or distal/proximal positions of the BODIPY core were 
designed and synthesized. We examined the influence of related groups 
on photophysical properties of the BODIPYs by systematically changing 
the positions of the carboxy-aryl groups on the BODIPY core (Fig. 1). We 
detailed the experimental spectroscopic properties of the compounds 
with density functional theory (DFT/TD-DFT) data including intra
molecular charge transfers by electron-hole analysis. Also, since the 
thermal properties of the compounds can be an important parameter, 
especially in areas requiring high temperatures, we determined the 
thermal profiles of the resulting chromophores.

2. Experimental section

2.1. General information

All reactive and spectroscopic grade solvents were purchased from 
Merck and used without applying further purification techniques. Re
actions were controlled with thin layer chromatography using Merck 
TLC Silica gel 60 F254. Column chromatography was performed using 
silica gel 60 (particle size: 230–400 mesh). The melting points were 
measured on a SMP30 Stuart apparatus. HRMS spectra were recorded on 
Agilent 6224 LC/MS High Resolution Mass Time-of-Flight (HRMS) 
spectrometer in positive or negative mode. 1H NMR spectra were taken 
on a Bruker Avance spectrometer in DMSO‑d6 with TMS as an internal 
standard at room temperature. The coupling constants (J) were reported 
in Hertz. 13C NMR spectra were recorded directly using VARIAN Mer
cury spectrometer. Thermogravimetric analysis (TGA) of the BODIPYs 
were carried out by heating the compounds with Exstar SII TGA/DTA 
7200 device under nitrogen flow with a heating rate of 10 ◦C/min in the 

range of 20–1100 ◦C. 2,4-diaryl-1H-pyrrole derivatives were prepared 
according to the literature procedure [29–32].

2.2. Optical measurements

A Perkin–Elmer 100 spectrometer (equipped with an ATR unit) was 
used for FT-IR spectra of compounds in the range of 650–4000 cm− 1. 
The Shimadzu UV-1800 model scanning spectrophotometer was used to 
obtain UV–VIS absorption spectra of the compounds in THF solvent. The 
emission characteristics of the compounds were analyzed using a Per
kinElmer LS 55 fluorescence spectrophotometer. All solutions were kept 
in the dark and at room temperature. The UV/Vis and fluorescence 
measurements were taken within 8 h after the solution preparation. The 
BODIPY dyes were excited at maximum absorption wavelengths ob
tained from their UV–Vis spectra. Fluorescence quantum (ΦF) yields 
were computed according to the formula given below (Eq. (1)) using 
Fluorescein (ΦF = 0.79 in ethanol) [33]. 

ΦF =ΦF(Std)
F . AStd . n2

FStd . A . n2
Std

(Eq. 1) 

In the equation; ΦF: quantum efficiency of the sample, ΦF(Std): 
quantum yield of the reference, F: area under the fluorescence emission 
curves of the sample, FStd: area under the fluorescence emission curves 
of the standard, AStd: absorbance value of the standard at excitation 
wavelength, A: absorbance value of the sample at excitation wavelength, 
n: refractive index of the solvent used in solving and nStd: refractive 
index of the solvent used in solving the standard.

A Ti: sapphire laser amplifier, an optical parametric amplifier system 
with a pulse duration of 45 fs and a repetition rate of 1 kHz, was used to 
perform femtosecond transient absorption spectroscopy measurements 
(Spectra-Physics, Spitfire Pro XP, TOPAS). A commercial pump-probe 
experimental setup (Spectra-Physics, Helios) with a white-light contin
uum probe was used to study the impact of electron donor qualities and 
the excited state lifetime. The pump wavelength for ultrafast pump- 
probe spectroscopy investigations was determined based on the 
maximum absorption wavelength of the investigated compounds. Sur
face Xplorer software from Ultrafast System was used to analyze all data.

2.3. Computational methods

The DFT calculations were performed using the Gaussian 09 program 
[34]. The ground state geometry optimizations of the designed BODIPY 
derivatives and the excited-state calculations were performed in the 
frameworks of DFT and time-dependent DFT (TDDFT). The B3LYP 
exchange-correlation function was chosen together with the 6-311G 
basis set for structural optimization using the Conductor-like Polariz
able Continuum model (CPCM) in THF. The vibrational frequencies 
were computed to check whether the optimized structures were in 
global minima and no negative frequencies were found. Time-dependent 
DFT (TDDFT) was employed to calculate excited-state properties of the 
dyes by using B3LYP exchange-correlation functional and the Los Ala
mos effective core potential basis set (LANL2DZ) in THF. Empirical force 
dispersion term (Grimme DFT-D3) were used via the IOp(3/124 = 30) 
functional. Natural transition orbitals (NTOs) [35] were calculated ob
tained from the transition density matrices calculated by TDDFT using 
Multiwfn [36]. Hole-electron analysis of the compounds was performed 
with the same software based on the first excited-state energies from the 
TDDFT calculations. The density of states (DOS) diagrams were gener
ated utilizing the Gauss–Sum v3.0 program [37].

2.4. Synthesis of the BODIPYs

2.4.1. 4,4-Difluoro-8-[4-carboxyphenyl]-4-bora-3a,4a-diaza-s-indacene 
(B1)

A solution of N2 degassed DCM (100 mL), pyrrole (150 μL, 2.2 

Fig. 1. Borondipyrromethene (BODIPY) core structure, IUPAC numeration and, 
positions on it.
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mmol), and 4-carboxybenzaldehyde (150 mg, 1.00 mmol) was prepared, 
to which trifluoroacetic acid (50 μL) was subsequently added as a 
catalyst. The mixture was covered with aluminum foil and stirred 
overnight at room temperature. TLC showed depletion of the aldehyde 
(4:1 CHCl3/EtOH, v/v). The oxidizing agent 2,3-Dichloro-5,6-dicyano-p- 
benzoquinone (340 mg 1.50 mmol) was added to the mixture and stirred 
for 30 min. At the end of this period, the reaction mixture was placed in 
an ice bath and the temperature was reduced to 0 ◦C. Then, N,N-diiso
propylethylamine (1.16 mL, 7.0 mmol) was added to the mixture by 
portions of 100 μL volumes with vigorous stirring. The mixing was 
continued for another half hour in the cold after the addition. Subse
quently, BF3⋅OEt2 (1.40 mL, 11.0 mmol) was added by portions of 100 
μL volumes with vigorous stirring. After the reaction mixture was stirred 
in an ice bath for 2 h, the ice bath was removed and stirred at room 
temperature overnight. Pure water (50 mL) was slowly added to the 
reaction mixture and mixed for 10 min. The organic phase was separated 
from the mixture taken into the separating funnel, the solvent was 
removed in a rotary evaporator, and the compound B1 was purified 
through a silica gel column using chloroform and then chloroform/ 
ethanol (4:1, v/v). Yield: 128 mg (41 %), mp: 188–189 ◦C. FTIR (ATR, 
cm− 1) vmax: 1686, 1571, 1543, 1418, 1390, 1289, 1261, 1114, 1074, 
973, 915, 752, 727. 1H NMR (400 MHz, DMSO‑d6) δ[ppm]: 8.17 (s, 2H), 
8.13 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.03 (d, J = 8.4 Hz, 
2H), 6.70 (d, J = 6.0 Hz, 2H). 13C NMR (100 MHz DMSO‑d6) δ: 166.5, 
145.5, 145.2, 136.8, 134.0, 132.8, 131,7, 130,6, 129.3, 119.4. HRMS 
(Q-TOF-ESI) (m/z) Calcd: 312.08818 (C16H11BF2N2O2), found: 
311.0842 [M − H]-.

2.4.2. 4,4-difluoro-8-[4-carboxyphenyl]-1,3,5,7-tetraphenyl-4-bora- 
3a,4a-diaza-s-indacene (B2)

To a solution of 4-carboxybenzaldehyde (100 mg, 0.67 mmol) and 
2,4-diphenyl-1H-pyrrole (320 mg, 1.47 mmol) in DCM (60 mL) a few 
drops of trifluoroacetic acid (TFA) and p-Chloranil (0,25 g, 1,02 mmol) 
were added, and the reaction was stirred overnight. Complete con
sumption of the aldehyde was verified by TLC. The reaction mixture was 
concentrated to about 25 mL on evaporator and filtered through a filter 
paper. The green filtrate was washed with water, extracted with CHCl3 
(3 × 30 mL) and the solvent evaporated. The solid, which was thor
oughly dried in a vacuum oven, was dissolved in DCM (100 mL), placed 
in an ice bath and the temperature was reduced to 0 ◦C. Then, N,N- 
diisopropylethylamine (770 μL, 4.67 mmol) was added dropwise to the 
mixture and stirred 30 min. Subsequently, BF3⋅OEt2 (930 μL, 7.33 mmol) 
was added by portions of approximately 100 μL volumes with vigorous 
stirring. After the reaction mixture was stirred in an ice bath for 2 h, the 
ice bath was removed and stirred at room temperature overnight. Pure 
water (100 mL) was slowly added to the reaction mixture and mixed for 
10 min. The organic phase was separated from the mixture taken into 
the separating funnel, the solvent was removed in a rotary evaporator, 
and the compound B2 was purified through a silica gel column using 
chloroform and then chloroform/ethanol (9:1, v/v). Yield: 160 mg (39 
%), mp: 298–299 ◦C. FTIR (ATR, cm− 1) vmax: 2922, 2848, 1681, 1541, 
1492, 1473, 1296, 1226, 1168, 1137, 1027, 838, 759, 691. 1H NMR 
(400 MHz, DMSO‑d6) δ[ppm]: 7.88-7.86 (m, 4H), 7.49-7.48 (m, 6H), 
7.07-7.01 (m, 4H), 6.91 (d, J = 7.2 Hz, 2H), 6.86-6.76 (m, 8H), 6.76 (s, 
2H). 13C NMR (125 MHz DMSO‑d6) δ: 166.9, 157.0, 151.9, 148.3, 145.8, 
139.7, 135.1, 132.5, 131.1, 130.2, 129.8, 129.1, 128.7, 127.5, 126.9, 
125.4, 124.1, 121.2. HRMS (Q-TOF-ESI) (m/z) Calcd: 616.21338 
(C40H27BF2N2O2), found: 615.2092 [M − H]-.

2.4.3. 4,4-difluoro-8-[4-carboxyphenyl]-1,3,5,7-[4-methoxyphenyl]-4- 
bora-3a,4a-diaza-s-indacene (B3)

The reaction was carried out applying the same procedure used for 
the synthesis of the compound B2, starting with 4-carboxybenzaldehyde 
(100 mg, 0.67 mmol) and 2,4-bis[4-methoxyphenyl]-1H-pyrrole (410 
mg, 1.47 mmol). Purification on silica gel using chloroform and then 
chloroform/ethanol (9:1, v/v) afforded 100 mg of B3 (yield 20 %), mp: 

302–303 ◦C. FTIR (ATR, cm− 1) vmax: 2962, 2921, 1689, 1608, 1470, 
1435, 1255, 1234, 1145, 1028, 825, 747. 1H NMR (400 MHz, DMSO‑d6) 
δ[ppm]: 7.87 (d, J = 8.8 Hz, 4H), 7.09 (d, J = 7.6 Hz, 2H), 7.04 (d, J =
8.4 Hz, 4H), 6.97 (d, J = 8.4 Hz, 2H), 6.87 (s, 2H), 6.70-6.68 (m, 4H), 
6.38 (d, J = 8.4 Hz, 4H), 3.84 (s, 6H), 3.55 (s, 6H). 13C NMR (125 MHz 
DMSO‑d6) δ: 167.1, 161.0, 158.4, 156.2, 151.9, 147.5, 146.1, 143.6, 
143.2, 139.7, 132.5, 131.6, 130.3, 128.8, 128.5, 125.4, 114.2, 113.2, 
55.8, 55.4. HRMS (Q-TOF-ESI) (m/z) Calcd: 736.2556 
(C44H35BF2N2O6), found: 735.2531 [M − H]-.

2.4.4. 4,4-difluoro-8-[4-carboxyphenyl]-1,7-[1-naphtyl]-3,5-[4- 
methoxyphenyl]-4-bora-3a,4a-diaza-s-indacene (B4)

The reaction was performed applying the same procedure used for 
the synthesis of the B2, starting with 4-carboxybenzaldehyde (100 mg, 
0.67 mmol) and 2-(4-methoxyphenyl)-4-(1-naphtyl)-1H-pyrrole (480 
mg, 1.47 mmol). Purification on silica gel using chloroform and then 
chloroform/ethanol (9:1, v/v) afforded 230 mg of B4 (yield 44 %), mp: 
291–292 ◦C. FTIR (ATR, cm− 1) vmax: 2954, 1689, 1604, 1478, 1432, 
1260, 1134, 1033, 797, 748, 625, 551. 1H NMR (400 MHz, DMSO‑d6) 
δ[ppm]: 7.95 (d, J = 8.4 Hz, 4H), 7.70-7.64 (m, 1H), 7.50-7.41 (m, 4H), 
7.34-7.25 (m, 6H), 7.06 (d, J = 9.2 Hz, 4H), 6.99-6.97 (m, 2H), 6.94 (d, 
J = 7.6 Hz, 1H), 6.92-6.90 (m, 1H), 6.82-6.65 (m, 3H), 6.27 (d, J = 8.4 
Hz, 1H), 5.97 (d, J = 8.4 Hz, 1H), 3.84 (s, 6H). 13C NMR (125 MHz 
DMSO‑d6) δ: 166.3, 161.1, 156.6, 144.8, 133.5, 132.8, 132.7, 132.6, 
131.7, 131.5, 131.3, 130.6, 129.8, 128.7, 127.9, 127.7, 126.4, 126.2, 
124.7, 124.5, 114.3, 55.8. HRMS (Q-TOF-ESI) (m/z) Calcd: 776.2658 
(C50H35BF2N2O4), found: 775.2641 [M − H]-.

2.4.5. 4,4-Difluoro-1,7-phenyl-3,5-[4-bromophenyl]-4-bora-3a,4a-diaza- 
s-indacene (U1)

A mixture of DMF (0.4 mL, 5.14 mmol) and POCl3 (0.35 mL, 5.14 
mmol) was stirred in an ice bath for 5 min. After being warmed to room 
temperature, it was stirred for an additional 20 min. After this period, 
the temperature was again reduced to − 4 ◦C using an ice/salt bath, and 
dichloroethane (2 mL) was added dropwise to the reaction. Then, 2-(4- 
bromophenyl)-4-phenyl-1H-pyrrole (0.9 g, 3.02 mmol) dissolved in 
dichloroethane (5 mL) was added dropwise. When the addition was 
completed, the ice bath was removed and the solution was refluxed at 
90 ◦C for 30 min. Then, the solution was cooled to room temperature, 
saturated NaOAc (10 mL) solution was added and refluxed again for 30 
min. At the end of this period, the reaction mixture was transferred to 
the separation funnel and the organic phase was separated. The aqueous 
phase was extracted with dichloromethane (20 mLx2), combined with 
the organic phase, and the solvents were evaporated. The solid, dried at 
room temperature in a vacuum oven, was dissolved in 15 mL dichloro
methane (DCM) and cooled to − 4 ◦C using an ice/salt bath. Then, POCl3 
(350 μL) was added by portions of 50 μL volumes with vigorous stirring. 
The ice bath was removed and the mixture was stirred at room tem
perature overnight. Then, N,N-diisopropylethylamine (1.00 mL, 6.06 
mmol) and BF3⋅OEt2 (1.00 mL, 7.88 mmol) were added and stirred for 
24 h at room temperature. Subsequently, pure water (50 mL) was slowly 
added to the reaction mixture and stirred for 10 min. The organic phase 
was extracted with chloroform (30 mLx3). The solvent was removed in a 
rotary evaporator and purification on silica gel using chloroform and 
then chloroform/ethanol (9:1, v/v) afforded 205 mg of U1 (yield 21 %), 
mp: 278–279 ◦C. FTIR (ATR, cm− 1) vmax: 3433, 3067, 2921, 1684, 1592, 
1549, 1480, 1446, 1237, 1073, 1008, 830, 764, 696. 1H NMR (500 MHz, 
CDCl3) δ[ppm]: 7.79 (d, J = 8.0 Hz, 4H), 7.57 (d, J = 8.0 Hz, 4H), 
7.45–7.43 (m, 6H), 7.02-6.99 (m, 5H), 6.63 (s, 2H). HRMS (Q-TOF-ESI) 
(m/z) Calcd: 654.01122 (C33H21BBr2F2N2), found: 655.0161 [M+H]-.

2.4.6. 4,4-Difluoro-1,7-[4-bromophenyl]-3,5-phenyl-4-bora-3a,4a-diaza- 
s-indacene (U2)

The reaction was carried out applying the same procedure used for 
the synthesis of the compound U1, starting with 4-(4-bromophenyl)-2- 
phenyl-1H-pyrrole (0.9 g, 3.02 mmol). Purification on silica gel using 

G. Sevinç et al.                                                                                                                                                                                                                                  Dyes and Pigments 239 (2025) 112776 

3 



chloroform and then chloroform/ethanol (9:1, v/v) afforded 140 mg of 
U2 (yield 14 %), mp: 295–296 ◦C. FTIR (ATR, cm− 1) vmax: 3733, 3067, 
2961, 1612, 1589, 1477, 1397, 1220, 1097, 1062, 1002, 805, 767, 684. 
1H NMR (500 MHz, CDCl3) δ[ppm]: 7.95-7.93 (m, 4H), 7.65-7.64 (m, 
4H), 7.52-7.51 (m, 2H), 7.47-7.46 (m, 4H), 7.39 (d, J = 8.0 Hz, 4H), 7.36 
(s, 1H), 6.74 (s, 2H). HRMS (Q-TOF-ESI) (m/z) Calcd: 654.01122 
(C33H21BBr2F2N2), found: 655.0126 [M+H]-.

2.4.7. 4,4-Difluoro-1,7-phenyl-3,5-[4-carboxybiphenyl]-4-bora-3a,4a- 
diaza-s-indacene (B5)

In a Schlenk flask, compound U1 (40 mg, 0.061 mmol), 4-carboxy
phenyl boronic acid (61 mg, 0.367 mmol), [PdCl2(PPh3)4] (4.3 mg, 
6.1 × 10− 3 mmol) and K2CO3 (51 mg, 0.367 mmol) were added to 
deaerated THF–H2O (5 mL, 4:1, v/v) under N2. The reaction mixture was 
heated at 90 ◦C for 12 h. After that the reaction was quenched by adding 
water (30 mL) and the mixture was extracted with CHCl3 (30 mLx3). The 
solvent was removed in a rotary evaporator and the crude product was 
dried in a vacuum oven at room temperature. Purification on silica gel 
using chloroform and then chloroform/ethanol (9:1, v/v) afforded 21 
mg of B5 (yield 45 %), mp: 257–258 ◦C. FTIR (ATR, cm− 1) vmax: 3379, 
3153, 2925, 1683, 1611, 1585, 1512, 1419, 1356, 1325, 1268, 1193, 
1127, 1045, 1016, 834, 762, 702. 1H NMR (400 MHz, DMSO‑d6) 
δ[ppm]: 12.90 (s, 2H), 8.49-8.47 (m, 3H), 8.28 (s, 2H), 8.08 (t, J = 8.4 
Hz, 6H), 8.04-8.01 (m, 5H), 7.93-7.89 (m, 3H), 7.73 (d, J = 8.4 Hz, 2H), 
7.58 (t, J = 8.4 Hz, 2H), 7.54 (t, J = 7.6 Hz, 3H), 7.47 (t, J = 7.2 Hz, 2H), 
7.18 (s, 1H). 13C NMR (125 MHz DMSO‑d6) δ: 167.7, 156.4, 144.1, 
139.0, 133.3, 132.5, 132.0, 131.9, 130.7, 130.5, 129.7, 129.3, 129.2, 
129.0, 128.1, 127.4, 127.3, 115.3. HRMS (Q-TOF-ESI) (m/z) Calcd: 
736.23452 (C47H31BF2N2O4), found: 735.22701 [M − H]-.

2.4.8. 4,4-Difluoro-3,5-phenyl-1,7-[4-carboxybiphenyl]-4-bora-3a,4a- 
diaza-s-indacene (B6)

The reaction was carried out applying the same procedure used for 
the synthesis of the compound B5, starting with the compound U2 (90 
mg, 0.138 mmol). Purification on silica gel using chloroform and then 
chloroform/ethanol (9:1, v/v) afforded 48 mg of B6 (yield 47 %), mp: 
288–289 ◦C. FTIR (ATR, cm− 1) vmax: 3062, 1690, 1608, 1590, 1535, 
1477, 1427, 1395, 1290, 1206, 1124, 1050, 1000, 869, 826, 768, 697. 
1H NMR (500 MHz, CDCl3) δ[ppm]: 8.02-8.00 (m, 5H), 7.94-7.90 (m, 
5H), 7.87 (d, J = 5.2 Hz, 6H), 7.83 (d, J = 8.0 Hz, 6H), 7.69 (s, 1H), 7.50- 
7.48 (m, 4H), 7.13 (s, 2H). 13C NMR (125 MHz DMSO‑d6) δ: 167.7, 
157.5, 145.1, 143.7, 140.0, 134.2, 132.9, 132.4, 132.0, 130.7, 130.5, 
130.4, 130.0, 129.7, 128.8, 128.3, 127.3, 120.0. HRMS (Q-TOF-ESI) (m/ 
z) Calcd: 736.23452 (C47H31BF2N2O4), found: 735.23594 [M − H]-.

3. Results and discussion

3.1. Synthesis and characterization

The BODIPY dyes B1–B4 and B5–B6 were prepared using the syn
thetic route depicted in Schemes 1 and 2, respectively.

The compounds were synthesized utilizing two distinct synthetic 
methodologies. The initial group comprises the compounds B1 through 
B4, while the subsequent group includes U1, U2, B5, and B6. Bromine- 
substituted BODIPY derivatives, U1 and U2, served as starting materials 
for the synthesis of B5 and B6, respectively. The synthesis of compounds 
B1–B4 was performed employing an acid-catalyzed one-pot approach 
involving aromatic aldehyde and pyrrole derivatives, a method exten
sively referenced in the literature [18,30]. The synthesis method under 
discussion is extensively documented in BODIPY literature [22]. How
ever, in our initial experiments synthesizing B2–B4, the dipyrromethane 
intermediates failed to form using the established method, as indicated 
by thin layer chromatography. The issue was resolved by adding 
p-chloranil at the start of the reaction, based on a modification by Duan 
et al. [38], eliminating the need to wait for dipyrromethane interme
diate formation. Soon after the acid catalyst was introduced, the 
dipyrromethene derivative was started to formation as a deep green 
color. The yields obtained for this series were 41 %, 39 %, 20 %, and 44 
% for the compounds B1 through B4, respectively. The presence of 
4-methoxy groups at distal positions resulted in approximately a 50 % 
reduction in synthesis yield. In comparison to BODIPYs synthesized from 
aromatic aldehydes and alkyl-substituted pyrroles as precursors, the 
incorporation of 4-carboxyphenyl groups tends to enhance the yields. In 
contrast to the compounds under discussion, dyes B5 and B6 are 
distinguished by the absence of substituted groups at the meso (8) po
sitions of the BODIPY core. Instead, they possess carboxylic acid groups 
located at the 3,5- and 1,7-positions for B5 and B6, respectively. In the 
synthesis process, the initial step involved the formylation of pyrrole 
derivatives via the Vilsmeier-Haack reaction. This was succeeded by an 
exemplary method employing phosphorus oxychloride as a Lewis acid, 
as elucidated by Wu and Burgess [39], to produce the symmetrical 
meso-unsubstituted BODIPYs U1 and U2. The synthesis yields of 
unsubstituted BODIPYs from formylated pyrrole derivatives were found 
to be 21 % and 14 % for U1 and U2, respectively. These values are 
consistent with those reported in the literature [39]. In the concluding 
step, the Suzuki-Miyaura coupling reactions were executed employing 
4-carboxyphenylboronic acid with a palladium catalyst. Consequently, 
the symmetrical and conjugation-enhanced borondipyrromethene 
compounds B5 and B6 were synthesized. The ultimate synthesis of 
compounds B5 and B6 resulted in yields of 45 % and 47 %, respectively. 
These yields are considered moderate and are characteristic of the 
outcomes typically observed in Suzuki–Miyaura coupling reactions 
involving BODIPY compounds [32,40].

The chemical structures were verified utilizing NMR, FTIR, and 
HRMS techniques, and the obtained data exhibited consistency with the 
proposed structures in each instance. The BODIPY compounds B1–B4 
have a carboxylic acid group (-CO2H) at the meso (8) positions of the 
BODIPY core. In the 1H NMR spectrum of B1, the peaks belonging to 
aromatic phenyl and pyrrole protons were observed as double peaks at 
8.13, 7.78, 7.03, and 6.70 ppm. A broad peak belonging to the carboxyl 
(-CO2H) proton was observed in the spectrum at 13.5 ppm. While the 
carboxyl peak was identified at 12.3 ppm in compound B3 and 12.2 ppm 

Scheme 1. The synthesis of the compounds B1–B4. i: Trifluoroacetic acid (cat.), p-Chloranil, DCM, rt, 24 h; ii: DIPEA (Hunig’s base), BF3⋅OEt2, DCM, 24 h, rt.
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in compound B4, it was notably absent in B2. The pyrrole protons 
positioned at the 2,6 locations on the BODIPY core were detected as a 
singlet peak at 6.76 ppm for the compound B2 and 6.87 ppm for the 
compound B3, each demonstrating 2H integration. This is compatible 
with the structure being symmetrical. The relevant peaks are included in 
multiple peaks in the other compounds in the series. The compounds 
contain intense phenyl and naphthyl groups. Consequently, the peaks 
manifested as multiplets within the 6–9 ppm range. The observed 
number of hydrogen atoms corresponds with the expected molecular 
structures. In the 13C NMR spectra of the compounds, the carbonyl 
(C––O) carbon peaks were observed in the range of 167.7-166.5 ppm, 
the C––N carbon peaks in the range of 161.1-145.5 ppm, the charac
teristic Cβ carbon peaks in the range of 158.4-144.1 ppm, and the 
methoxy (–OCH3) carbon peaks in the range of 55.8-55.4 ppm. Addi
tionally, the aromatic phenyl carbon peaks were observed within a 
broad range of approximately 156-113 ppm. With increasing electro
negativity of substituent groups attached to the carbon atoms, a down
field shift in the peaks is observed. The detection of a singular peak for 
–OCH3 carbons indicates the symmetrical nature of the BODIPYs.

The specific infrared absorptions (peaks) in the FTIR spectra of 
BODIPYs are given in Table 1. In the FTIR spectra of the compounds, the 
aromatic C–H stretching vibrations were observed at frequencies 
exceeding 3000 cm− 1, whereas the aliphatic C–H stretching vibrations 
were noted at frequencies below 3000 cm− 1. The C––N stretching vi
brations were detected as minor sharp peaks within the frequency range 
of 1608–1697 cm− 1. These peaks were often observed combined with 
C––C peaks (1590-1635 cm− 1). B–F stretching vibrations were identified 
within the spectral range of 1073–1168 cm− 1 in BODIPY derivatives. 
C–Br vibrations were observed as a clearly intense sharp peak in 762 and 

764 cm− 1 for the compounds U1 and U2, respectively. The carbonyl 
(C––O) groups exhibited the most pronounced peaks in the FTIR spectra, 
appearing as highly intense peaks within a restricted range of 
1681–1690 cm− 1. In the compounds B5 and B6, the C–Br vibration 
peaks observed in U1 and U2 were replaced by carbonyl vibrations, 
indicating that coupling reactions occurred and resulted in the detach
ment of both bromine atoms from the compounds.

3.2. Photophysical properties

The absorption and fluorescence spectra of the examined BODIPY 
compounds (B1–B6) were acquired in tetrahydrofuran (THF) at ambient 
temperature. The corresponding spectra of these dyes are illustrated in 
Fig. 2a–b, while the photophysical parameters are presented in Table 2. 
The absorption spectrum of compound B1, derived from pyrrole, 
exhibited the typical BODIPY profile [22,41], characterized by a 

Scheme 2. The synthesis of the compounds B5 (a) and B6 (b). i: POCl3/DMF, DCE, 0 ◦C; ii: POCl3, DCM, 24 h, rt; iii: DIPEA (Hunig’s base), BF3⋅OEt2, DCM, 24 h, rt; 
iv: 4-carboxylphenylboronic acid, [PdCl2(PPh3)4], K2CO3, THF-H2O, 90 ◦C, 12 h.

Table 1 
FTIR wavenumbers (cm− 1) of the BODIPYs.

Compound vC––C vB-F vC-Br vC––N vC––O

B1 1571 1114 – – 1686
B2 1541 1168 – – 1681
B3 1608 1145 – – 1689
B4 1604 1134 – – 1689
U1 1592 1073 762 1684 –
U2 1589 1097 764 1612 –
B5 1585 1193 – 1611 1683
B6 1590 1124 – 1608 1690
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pronounced and narrow absorption band at 504 nm, corresponding to 
the S0–S1 (π -π*) transition, accompanied by a shoulder attributed to the 
0− 1 vibrational band of the same transition (Fig. 2-a). Additionally, 
absorption bands that are less intense and more broadened were 
observed below 400 nm, which correspond to transitions involving 
higher energy levels (S0–S2, etc.). The experimentally determined ab
sorption maxima within the UV/vis spectra of the compounds range 
from 504 to 594 nm, contingent upon the presence of aromatic groups at 
the 1,3,5,7-positions of the BODIPY core. The presence of aromatic 
groups at the 1,3,5,7-positions is responsible for shifting the absorption 
bands by 60–90 nm towards the red region. The substitution of phenyl 
groups in place of hydrogen atoms resulted in a bathochromic shift of 60 
nm, while the introduction of additional methoxy and naphthyl groups 
on the phenyl rings further augmented the bathochromic effect by 
approximately 30 nm. The observed red shift effect induced by the 
methoxyphenyl and naphthyl groups at the 1,7-positions manifests 
similarly within the absorption spectra. In the case of compounds B5 and 
B6, the absence of phenyl groups at the meso (8) position of the core 
structure results in a bathochromic shift of approximately 90 nm and 76 
nm, respectively. This shift is attributable to the reduction in steric 
hindrance observed in compounds B5 and B6. In light of the molar ab
sorption coefficients (ε), it can be inferred that the incorporation of ar
omatic phenyl/biphenyl groups results in a three to four-fold 
enhancement in absorptivity values compared to B1 as reference, which 
correlates with the augmented conjugation values and an increase in the 
full width at half maximum (FWHM). Therefore, an increase in conju
gation by aryl groups on the BODIPY core not only enhances the ab
sorption intensities but also facilitates the effective absorption of 

wavelengths, particularly within the range of 450–650 nm, as a conse
quence of band broadening (FWHM).

Upon evaluation of the fluorescence spectra of the compounds, it was 
ascertained that the absorption and fluorescence bands exhibited 
mirror-image symmetry, indicative of the S1→S0 transition of the 
BODIPYs and the associated emission (Fig. 2-b). The emission of com
pound B1 is detected at 536 nm, whereas the emissions of aryl- 
substituted derivatives range from 609 to 640 nm. The incorporation 
of electron-donating methoxy groups and aryl groups has been found to 
decrease the emission wavelength and the fluorescence quantum yields 
(ΦF). The compounds exhibit fluorescence with quantum yields (ΦF) 
ranging from 0.236 to 0.06, contingent upon the substitution of 
hydrogen, phenyl, methoxyphenyl, naphthyl or biphenyl groups. The 
observations can be attributed to the nonradiative energy dissipation 
occurring through rotation around C-phenyl bonds and the extension of 
π conjugation [29,30,32]. Furthermore, an increment ranging between 
32 and 51 nm in the Stokes shifts (Δvss) of the compounds has been 
observed. This observation correlates with the increased conjugation, 
leading to π-π* and n-π* transitions, as a result of the augmented pres
ence of aromatic groups conjugated to the BODIPY core within the 
planar BODIPY framework. It has been determined that enhancing the 
Stokes shifts, despite their drawbacks in BODIPYs due to factors such as 
peak interference, overlap/convolution, and self-quenching, may pre
sent benefits in photovoltaic applications. The incorporation of phenyl, 
biphenyl, and naphthyl substituents within the molecular structures 
examined in the study facilitates effective absorption within the visible 
spectrum, as evidenced by the absorption spectra. Moreover, the inte
gration of aromatic moieties may diminish the reactivity of pyrrole rings 
or their susceptibility to nucleophilic/electrophilic attacks and 
photodegradation.

3.3. Femtosecond transient absorption spectroscopy measurements

In an attempt to find out the effect of the carboxy-biphenyl groups 
(compounds B5 and B6) at the distal and proximal positions on the 
nonlinear absorption dynamics of the BODIPY core, femtosecond tran
sient absorption spectroscopy measurements were carried out using an 
ultrafast pump-probe spectroscopy technique. The pump wavelength 
was chosen on the linear absorption spectra. In transient absorption 
spectra of compound U1 in THF, there is a negative absorption signal at 
685 nm corresponding to ground state bleaching (GSB). In addition, 
there are positive signals localized below 620 nm which can be ascribed 
to excited-state absorption (ESA) as shown in Fig. 3a.

Fig. 2. Normalized (a) absorption and (b) fluorescence spectra of the dyes B1–B6 in THF.

Table 2 
Photophysical parameters of the BODIPYs in THF.

Compound λabs 

(max/ 
nm)

λems 

(max/ 
nm)

ε (M− 1. 
cm− 1) 
× 104

FWHM 
(nm)

Stokes 
shifts Δvss 

(nm)

aΦF

B1 504 536 1.47 30 32 0.236
B2 564 609 5.64 51 45 0.063
B3 592 642 5.93 60 50 0.066
B4 592 643 5.48 62 51 0.060
B5 594 640 5.94 62 46 0.117
B6 580 619 5.51 50 39 0.139

a: Fluorescein in ethanol (ΦF = 0.79) [33] was used as the fluorescence standard 
for the calculations of the fluorescence quantum yield and a correction was 
applied for the solvent refractive index (η) [THF: η = 1.4072, EtOH: 1.3614].
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Upon photoexcitation at 575 nm, the GSB signal is localized around 
580 nm, and the ESA signal was observed below 530 nm and above 660 
nm for the U2 compound. On the other hand, in the transient absorption 
spectra of the B5 compound, the GSB signal appears around 600 nm, and 
ESA signals are seen below 550 nm and above 675 nm as indicated in 
Fig. 3c. Besides, the compound B6 demonstrates similar transient ab
sorption spectra upon photoexcitation at 580 nm wavelength.

To determine the excited state lifetime, the decay kinetics of the 
studied compound were fitted by using a multiexponential fitting 
function. The time evolution of the ground state bleaching signals for the 

studied compounds in THF solution is shown in Fig. 4.
According to the fitting results, the lifetime of the singlet excited 

state is shortened for the 3,5 (proximal) positions as compared to 1,7- 
(distal) positions. This shows the proximal positions (compound B5) are 
more efficient for the intramolecular charge transfer compared to the 
distal positions (compound B6) among the investigated compounds. 
Also, the dihedral angles between the BODIPY core and carboxy- 
biphenyl groups for the distal positions are larger than those for the 
proximal positions by referring to the DFT calculation discussed in the 
previous section. Therefore, larger dihedral angles reduce orbital in
terferences, resulting in a hypsochromic shift in linear absorption (λabs 
max: 594 nm and 580 nm for compounds B5 and B6, respectively). Thus, 
the charge transfer features resulting from the improved planarity of 
compound B5 are enhanced upon photoexcitation compared to B6.

3.4. Computational studies on photophysical properties of the compounds

The computational calculations based on density functional theory 
(DFT) provide consistent results in elucidating the experimental pho
tophysical characteristics of BODIPY compounds as documented in the 
literature [42–44]. This methodology was employed to determine the 
structure-absorption relationships of these compounds.

The theoretical data, including dipole moments (μ), electronic exci
tation energies (Ev), oscillator strengths (f), and main configurations, are 
summarized in Table 3, while the optimized structures, density of states 
(DOS) spectra, and natural transition orbitals (NTOs) of the BODIPYs are 
shown in Fig. 5. The optimization results indicated that in all com
pounds, the BODIPY core maintained a planar configuration while the 
complexes exhibited a pseudo-tetrahedral geometry.

Structurally, it was noted that the carboxyphenyl moieties at the 
meso (8) positions deviated from coplanarity with respect to the BODIPY 

Fig. 3. Transient absorption spectra of a) U1, b) U2, c) B5 and d) B6 compounds in THF.

Fig. 4. Time evaluation spectra of the U1, U2, B5 and B6 compounds in THF.
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core. The dihedral angles between the planar structure of the BODIPY 
core and the carboxyphenyl subunits at the meso (8) position were 
determined to be 49◦, 63◦, 65◦, and 67◦ for the compounds B1–B4, 
respectively. The dihedral angles between the BODIPY core and the aryl 
groups at distal (1/7) positions are 50◦, 56◦, and 74◦ for the B2–B4 
compounds, respectively. In contrast, the corresponding angles for the 
B5 and B6 compounds are determined to be 36◦ and 41◦, respectively. 
Consequently, one may discuss the steric influence of the aryl sub
stituents positioned distally at the 1/7 positions of the core structure.

As expected, the steric effects imposed by the aromatic rings within 
compounds B5 and B6 are reduced owing to the lack of substituents at 
the meso (8) position. While the phenyl and methoxy phenyl groups 

exhibit a similar impact, the orientation becomes nearly perpendicular 
when naphthyl groups are present in compound B4. Upon considering 
the proximal positions (3,5), the dihedral angles for the compounds 
B2–B6 were observed to be 37◦, 34◦, 36◦, 35◦, and 36◦, respectively. It is 
noteworthy that compound B1 was excluded from this analysis owing to 
the presence of a hydrogen atom. The dihedral angles demonstrated 
minimal variability in response to different substituents in proximal 
positions. This indicates that the groups in the proximal position (3,5) 
adopt a position slightly closer to the BODIPY plane than those in the 
distal (1,7) position. Therefore, the substituted groups in the proximal 
positions may be decisive on the conjugation.

Upon comparing the absorption wavelengths of compounds B5 and 
B6, which are 594 nm and 580 nm respectively, the underlying cause of 
the observed spectral shift becomes apparent. Concerning the dipole 
moments of the molecules, which can be correlated with the polarities of 
the compounds, compound B5 exhibits the highest polarity with a dipole 
moment of 11.40 Debye. This is attributed to the localization of all 
electronegative fluorine, nitrogen, and oxygen atoms within the prox
imal part of the molecule. In contrast, compound B6, wherein the car
boxyphenyl groups occupy distal positions, has a dipole moment of 3.73 
Debye.

The main (the lowest energy) singlet transitions of the compounds 
include HOMO-LUMO excitations, and for the upper energy levels, 
HOMO-1 and HOMO-2 type molecular orbitals also come into play. 
When the oscillator strengths (f) are considered, there is a notable 
agreement between the experimental and theoretical spectral patterns. 
A quantitative evaluation can be performed by computing the ratio of 
the experimental to theoretical absorption wavelengths (λexp/λcal). 
Consequently, the pertinent ratios for the compounds B1–B6 are found 
to be 1.18, 1.06, 1.01, 1.00, 1.03, and 1.03, respectively. The energy 
band gaps (ΔE = |EHOMO − ELUMO|) for the compounds reflected 
decreasing transition energies, which is in good agreement with the red- 
shifted absorption and emission wavelengths depending on the 
increased aromatic conjugation by substituted phenyl groups. The 
experimental spectra of the compounds dramatically reveal a striking 
90 nm bathochromic shift between the maximum absorption peaks of B1 
and B5.

To visualize the main electronic transitions, natural transition or
bitals (NTOs) were computed. These orbitals represent a combined 
depiction of excited electron-hole pairs derived from transition density 
matrices processed using TDDFT data. The main distribution regions of 
electrons and holes on the transition orbital isosurfaces were expressed 
in green and blue, respectively. The electrons for the main transition 
(S0–S1) states were exclusively localized on the BODIPY side. The singlet 
transitions are predominantly attributed to the phenyl and biphenyl 
rings located at the proximal (3,5) positions, particularly emphasizing 
the core structure of the molecules.

Due to electronic excitation, the charge density within the BODIPY 
core increased and even moved towards the meso (8) position in com
pound B1. The conjugation of this compound in the pyrrole rings is 
significant in terms of the absence of a restrictive group. However, it can 
be said that the charge density in the meso (8) position also increased in 
the B2–B4 derivatives. In the B5 and B6 analogues, the electronegative 
carboxylic acid groups partially attract the charge density onto 
themselves.

As can be seen in the centroids of electrons and holes (Chole & Cele) in 
Table 4, the BODIPY core is affected to a large extent by the excitation. 
The presence of π-extended carboxyl subunits in the compounds 
increased the bathochromic effect and absorption bandwidths through 
conjugation.

In Table 4, the t index, a numerical value indicating the separation of 
the hole-electron couple, is positive when the hole/electron separation is 
clear. For the compounds B1–B6, the aforementioned values exhibit a 
systematic increase in the negative direction, specifically ranging from 
− 0.489 to − 2.155. This trend indicates a significant overlap between the 
holes and electron counterparts, and the S0–S1 transitions are 

Table 3 
Dipole moments (μ), electronic excitation energies (Ev), corresponding oscillator 
strengths (f), and the main configurations of the low-lying electronic excited 
states of the compounds.

Compound Dipole 
moment 
μ/Debye

Electronic 
transition

Vertical 
excitation 
energy 
eV/nm

Oscillator 
Strength f

Major 
Contribution

B1 6.37 S0→S1 2.90/427 0.42 HOMO → 
LUMO (92 
%)

S0→S2 3.46/358 0.13 H− 1 → 
LUMO (90 
%)

S0→S3 3.61/343 0.25 H− 2 → 
LUMO (92 
%)

B2 4.33 S0→S1 2.33/533 0.74 HOMO → 
LUMO (99 
%)

S0→S2 2.63/470 0.02 H− 1 → 
LUMO (99 
%)

S0→S3 2.85/435 0.02 H− 2 → 
LUMO (99 
%)

B3 3.22 S0→S1 2.12/583 0.69 HOMO → 
LUMO (98 
%)

S0→S2 2.30/540 0.07 H− 1 → 
LUMO (97 
%)

S0→S3 2.50/495 <0.01 H− 2 → 
LUMO (98 
%)

B4 4.95 S0→S1 2.10/590 0.62 HOMO → 
LUMO (95 
%)

S0→S2 2.27/546 0.04 H− 1 → 
LUMO (98 
%)

S0→S3 2.39/518 0.07 H− 2 → 
LUMO (96 
%)

B5 11.40 S0→S1 2.15/577 0.96 HOMO → 
LUMO (99 
%)

S0→S2 2.78/446 0.01 H− 2 → 
LUMO (96 
%)

S0→S3 2.89/429 0.79 H− 1 → 
LUMO (76 
%)

B6 3.73 S0→S1 2.21/562 0.91 HOMO → 
LUMO (98 
%)

S0→S2 2.67/465 <0.01 H− 1 → 
LUMO (97 
%)

S0→S3 2.75/451 0.59 H− 2 → 
LUMO (98 
%)
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Fig. 5. Optimized structures and Density of states (DOS) spectra of the BODIPYs.
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predominantly characterized by local excitations with n–π and π-π* 
features. This results in limited intramolecular charge transfer from the 
substituted groups to the BODIPY core.

Analogously, the Coulomb binding energies exceed the excitation 
energies required to facilitate the free movement of charges between 
electrons and holes. As a result, it was revealed that the main absorption 
bands of the BODIPYs were caused by intramolecular charge transfers. 
These charge transfers are not uniform throughout the molecule but 

occur with varying intensities depending on the substitution position of 
the carboxy-biphenyl groups on the on BODIPY core. The phenomenon 
of charge transfer is most pronounced at the proximal positions (3,5), 
diminishes at the meso (8) positions, and is least pronounced at the distal 
positions (1,7) of the BODIPY core.

Table 4 
Natural transition orbitals (NTOs) for the lowest-energy transitions of the BODIPYs (isosurface value = 0.02 au), centroids of hole and electron (Chole & Cele, isosurface 
value = 0.001 au).

Comp. Transition NTOs Chole & Cele

Electron Hole

B1 S0–S1 

EE: 2.90 eV 
f: 0.42 
η: 1.52 eV 
χ: 4.98 eV 
ω: 8.16 eV 
t (Å): − 0.489 
EC: 5.20 eV

B2 S0–S1 

EE: 2.33 eV 
f: 0.74 
η: 1.29 eV 
χ: 4.61 eV 
ω: 8.25 eV 
t (Å): − 1.184 
EC: 4.13 eV

B3 S0–S1 

EE: 2.12 eV 
f: 0.69 
η: 1.20 eV 
χ: 4.37 eV 
ω: 7.95 eV 
t (Å): − 1.048 
EC: 3.61 eV

B4 S0–S1 

EE: 2.10 eV 
f: 0.62 
η: 1.19 eV 
χ: 4.40 eV 
ω: 8.15 eV 
t (Å): − 1.718 
EC: 3.56 eV

B5 S0–S1 

EE: 2.15 eV 
f: 0.96 
η: 1.22 eV 
χ: 4.59 eV 
ω: 8.62 eV 
t (Å): − 2.032 
EC: 3.56 eV

B6 S0–S1 

EE: 2.21 eV 
f: 0.91 
η: 1.24 eV 
χ: 4.60 eV 
ω: 8.54 eV 
t (Å): − 2.155 
EC: 3.71 eV

Blue and green isosurfaces represent Chole and Cele functions, respectively. EE, f, and Ec represent the excitation energy, the oscillator strength, and the Coulomb attractive 
energy, respectively. The t-index is a measure of the separation of the hole-electron in the charge transfer direction. η, χ and, ω represents the chemical hardness, 
electronegativity, and electrophilicity, respectively.
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3.5. Thermal properties

Thermogravimetry (TGA) is a technique wherein the mass of a 
sample is evaluated in relation to changes in temperature or time, 
through the application of a controlled temperature program [45,46]. 
Thermal resistance limits dye functionality, so we performed thermog
ravimetric analysis of compounds B1–B6 to assess the efficiency of the 
BODIPYs in an inert N2 atmosphere. The graphs depicting the 
time-dependent thermal degradation of the compounds are presented in 
Fig. 6, while the thermogram parameters are enumerated in Table 5. The 
thermal stability of the compounds is detailed through Tmax (max 
decomposition speed temperature), decomposition rates at Tmax (mass 
loss rate), percentage mass loss, T10 (10 % mass loss temperature), and 
C% (carbonization efficiency at 700 ◦C).

Based on the conducted measurements, the compounds demonstrate 
a 3 or 4-stage degradation profile within the temperature range of 
200–1100 ◦C. Using compound B1 as a point of reference, an elevation 
in the temperatures associated with maximum degradation (Tmax) was 
generally noted in the other compounds.

Compound B1, lacking aromatic groups within its pyrrolic rings, 
commences degradation at approximately 284 ◦C, whereas the degra
dation temperatures for other compounds range between 212 and 
345 ◦C. The most rapid mass loss among the compounds was observed at 
212 ◦C for B5, whereas the corresponding thermal decomposition tem
peratures for compounds B2, B3, and B4 were 345, 349, and 355 ◦C, 
respectively. At these temperatures, the compounds underwent 
decomposition at an approximate rate of 20 %.

The presence of aryl groups at pyrrolic sites enhanced the thermal 
stability of the compounds. Specifically, compound B2 initiated degra
dation at 345 ◦C, with a decline in the rate of degradation from 3.79 
(%/min) to 2.20 (%/min) in comparison to the reference. Such behavior 
was similarly observed in compounds B3, B4, and B6. Notably, com
pound B5, characterized by the incorporation of biphenyl-4-carboxylic 
acid at the 3,5 positions of the BODIPY core, exhibits the lowest ther
mal resistance within the series.

The T10 % values were utilized as the criterion for the comparative 
assessment of thermal stabilities, and the sequence was determined to be 
B6 > B2 > B4 > B3 > B1 > B5. Despite the 3/5 positions on the BODIPY 
core being effective in terms of enhancing conjugation and consequently 
improving the photophysical properties of the molecule, the coupling 
reactions executed at these sites markedly diminished the thermal sta
bility of the compounds. Conversely, the presence of these groups at the 
1,7-positions contributed to an enhancement in thermal stability. Based 
on the carbonization efficiencies evaluated at 700 ◦C, it has been 
established that the phenyl groups directly bonded to the BODIPY core 

enhance thermal stability, whereas the phenyl groups located at the 3,5 
positions notably diminish it. Furthermore, it is concluded that methoxy 
groups adversely affect thermal stability, particularly at lower T10 % 
decomposition temperatures (220–262 ◦C).

4. Conclusions

In this study, we synthesized new symmetrical, conjugation- 
enhanced meso unsubstituted and aryl-substituted BODIPY dyes. The 
dyes incorporated aryl/carboxyl units at various positions within the 
core structure and were characterized utilizing spectroscopic tech
niques. The straightforward synthetic method potentially enables the 
conversion of active carboxyl termini into lipophilic ester or ether 
groups through further reactions. Alternatively, the formation of inor
ganic salts may be employed. These strategies could facilitate the 
improvement of water solubility and hold potential for utilization in 
cellular imaging and photodynamic therapy applications.

The electronic absorption and fluorescence properties of the com
pounds were systematically investigated using absorption and fluores
cence spectroscopy techniques. The compounds exhibited primary 
absorption within the wavelengths of 504–594 nm and demonstrated 
fluorescence emissions ranging from 536 to 643 nm. These properties 
were contingent upon the enhanced conjugation through aryl subunits 
and the binding positions on the BODIPY core. The absorption bands 
were observed to have approximately doubled in width, spanning a 
range from 425 to 625 nm. The incorporation of substituted aryl groups 
at the 1,3,5,7-positions of the BODIPY core has been found to signifi
cantly enhance the photophysical properties, including the absorption 
and fluorescence wavelengths, molar absorptivity, and bandwidths, 
thereby facilitating panchromatic absorption. Conversely, the novel 
compounds exhibit moderate fluorescence quantum yields attributed to 
intramolecular charge transfers when contrasted with the methyl- 
substituted analogue. Notably, the increased Stokes shifts together 
with the pronounced bathochromic shifts observed in the main ab
sorption and fluorescence bands of BODIPYs are considered advanta
geous as the red emitter for OLED, sensor and solar cell applications.

DFT calculations clarified spectral shifts in absorption and charge 
transfer, highlighting local excitations with n–π and π-π* transitions in 
BODIPY skeleton. Femtosecond transient absorption spectroscopy 
revealed that the singlet excited state lifetime is shorter for 3,5 

Fig. 6. Thermal decomposition of BODIPYs B1–B6 at a temperature ramp of 
10 ◦C/min under N2.

Table 5 
The decomposition temperatures and thermal stability of the compounds.

Compound Tmax(◦C)a Mass loss 
(%)

Decomposition rate 
(%/min)

bT10 % 
(◦C)

cC 
%

B1 284 30 3.79 201 68
454 53 0.77
598 61 0.65

B2 345 20 2.20 262 52
467 33 0.80
670 49 1.00

B3 233 11 0.95 217 60
349 20 2.00
423 28 1.84
601 51 1.00

B4 227 11 2.08 220 50
355 27 2.54
474 36 0.62
601 44 0.77

B5 212 29 7.19 153 90
305 53 1.71
620 83 1.33

B6 302 8 1.02 326 54
430 20 1.61
529 33 1.41
984 88 1.54

a Maximum decomposition temperatures based on DTG plot.
b T10 % (temperature at which 10 % of initial mass is lost), etc.
c The carbonization efficiency (%) of the compounds at 700 ◦C.
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(proximal) positions than 1,7- (distal) positions. Thus, proximal posi
tions (compound B5) facilitate more efficient intramolecular charge 
transfer than distal positions (compound B6). Replacing hydrogen with 
phenyl groups at the 1,3,5,7-positions of the BODIPY skeleton signifi
cantly increased thermal stability (>150 ◦C). However, coupling re
actions extending aryl groups at 3,5 positions decreased thermal 
stability. The enhanced thermal resistance of arylated carboxy-BODIPYs 
under comparatively "mild" conditions was considered to be of sub
stantial importance for the fabrication of optical materials through 
physical methods necessitating thermal processing. It has been demon
strated that the π-extended carboxyl frameworks afford partial conju
gation with the BODIPY chromophores, thereby significantly enhancing 
the characteristics of the practically significant spectral properties of 
these dyes. While the current investigation yielded symmetric BODIPYs, 
asymmetric compounds can also be synthesized utilizing pyrroles with 
varied substituents in the synthesizing of U1 and U2, as the employed 
method permits such modifications. Our results may contribute to the 
design of novel BODIPY dyes with broad absorption and emission in
tervals with higher thermal and photostability which can be used as 
light-harvesting systems in nonlinear optical systems.
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