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ARTICLE INFO ABSTRACT
Keywords: This study investigates the influence of boron coordination and substituent effects on the photophysical prop-
BODIPY derivatives erties of two structurally related BODIPY derivatives in solution and solid state. BODIPY 1, containing an O-B-O
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spiro coordination motif, exhibits significantly lower fluorescence quantum yields (0.8-3.7%) and shorter
excited-state lifetimes (45-450 ps) than BODIPY 2, which retains the conventional BF- core and displays higher
fluorescence efficiencies (51-78%) and longer lifetimes (~6 ns). Both derivatives exhibit solvent-dependent
spectral shifts, suggesting the presence of excited states with partial intramolecular charge transfer (ICT) char-
acter. The Lippert-Mataga analysis suggests a slightly stronger solvent-dependent response for BODIPY 2.
BODIPY 2 exhibits higher singlet oxygen generation efficiency than BODIPY 1 (¢ = 0.21 vs. 0.08), which may
be associated with reduced non-radiative energy dissipation pathways. In the solid state, both compounds display
broadened and red-shifted emission bands consistent with intermolecular interactions and aggregation effects.
Complementary fluorescence lifetime imaging microscopy (FLIM) measurements revealed differences in
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fluorescence lifetime heterogeneity and molecular organization between the two derivatives in the condensed
phase. Overall, this comparative study improves our understanding of structure—photophysical property re-

lationships in BODIPY systems.

1. Introduction

The interaction between light and organic fluorescent compounds is
a crucial element in various developments in biological and materials
research [1,2]. In this context, compounds derived from BODIPY (4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene) scaffolds have gained popu-
larity. This sustained interest primarily arises from their exceptional
photophysical characteristics, including high fluorescence efficiency,
remarkable stability during light exposure, and easily adjustable optical
bandgaps [3,4]. Due to their versatility across several fields, they are
suitable for intricate applications, including the development of light-
harvesting systems, therapeutic compounds for photodynamic therapy,
and sensitive imaging probes [5,6].

A fundamental attribute of BODIPY dyes is their structural flexibility,
facilitating systematic alterations of their electronic and photophysical
properties [7]. Altering the BODIPY core at various positions enables the
precise adjustment of absorption and emission characteristics, in addi-
tion to regulating phenomena such as singlet oxygen production and
fluorescence emission. Consequently, researchers have extensively
investigated these systems for applications in sensing, bioimaging, and
medicine. [8,9]. BODIPY dyes consist of a dipyrromethene framework
linked to a boron core, typically in the form of a BF3 unit [10].

The electronic properties of these systems are susceptible to struc-
tural alterations, particularly at the meso- and fg-positions. Such struc-
tural modifications may influence the balance between radiative and
non-radiative deactivation pathways by altering the degree of excited-
state charge redistribution and intramolecular charge transfer (ICT)

DDQ, base, BF3-Et2O, DCM

character. [11,12]. This study investigates two structurally related
BODIPY derivatives with distinct boron coordination environments and
peripheral substituents to evaluate how these combined structural
modifications influence their photophysical properties.

BODIPY 1, modified with a formyl group via a Vilsmeier-Haack re-
action, has brief excited-state lifetimes in solution and diminished
fluorescence quantum yields [13,14]. This behavior suggests the pres-
ence of efficient non-radiative deactivation pathways, possibly associ-
ated with enhanced excited-state charge redistribution and ICT
contributions. In contrast, BODIPY 2, produced using a Friedel-Crafts
acylation technique that maintains the BF2 core, exhibits markedly
improved singlet oxygen production and fluorescence efficiency [15].

The impact of intermolecular interactions was evaluated through the
investigation of the photophysical properties of both derivatives in so-
lution and solid state. Under these conditions, both compounds exhibit
red-shifted emission and broader absorption properties, including a
reduction in fluorescence efficiency that aligns with aggregation effects
[16,17]. To complement the steady-state and time-resolved spectro-
scopic measurements, FLIM experiments were performed in the solid
state to investigate possible fluorescence lifetime heterogeneity associ-
ated with molecular organization in the condensed phase [18,19].

Despite previous studies involving modifications of the boron center
in BODIPY systems, particularly through replacement of the BF, unit by
alternative coordination motifs such as O-B-O structures, direct
comparative investigations between structurally related systems remain
limited [20].

The present work combines steady-state spectroscopy, time-resolved

BODIPY 1

Fig. 1. Synthesis of BODIPY 1 via substitution of the BFz unit by an O-B-O spiro structure using 3,4-dihydroxybenzaldehyde under Lewis's acid conditions.
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Fig. 2. Synthesis of BODIPY 2 via condensation of 2,4-dimethylpyrrole with 2-chloro-2-oxoethyl acetate, followed by complexation with BFs-Et20.
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Fig. 3. Illustrates the normalized absorption and emission spectra of BODIPY 1
(a) and BODIPY 2 (b) in various solvents. Fluorescence emission spectra were
recorded using excitation at the respective maximum absorption wavelength.

fluorescence measurements, singlet oxygen sensitization studies, and
complementary FLIM analysis to investigate structure-photophysical
property relationships in two structurally related BODIPY derivatives.
Particular attention is given to how differences in boron coordination
environments and substituent patterns influence excited-state deacti-
vation pathways in solution and solid state.

2. Reagent, materials, and instrumentation

All chemicals were purchased from Sigma-Aldrich (Germany) and
used as received. Analytical thin-layer chromatography (TLC) was per-
formed on Merck silica gel plates (F-254 indicator, Germany), and
visualization was carried out under UV light at 254 and 365 nm. Silica
gel (230-400 mesh) for column chromatography was obtained from
Fluka (Portugal).

NMR spectra of 'H, 13C, and '°F were acquired using CDCls as the
solvent and tetramethylsilane (TMS) as an internal reference on a Bruker
AVANCE III spectrometer. Chemical shifts (8) are reported in ppm and
coupling constants (J) in Hz. UV-vis absorption spectra were recorded in
1 cm quartz cuvettes using a Shimadzu UV-2600 spectrophotometer.
Steady-state fluorescence measurements were carried out with a Horiba
Jobin-Yvon SPEX Fluorolog 3-22 spectrofluorometer. All fluorescence
spectra were obtained using optically diluted solutions and corrected for
the instrumental response.

Fluorescence quantum yields (@) were determined using optically
matched solutions of the sample and reference at the excitation wave-
length. Rhodamine B (¢r = 0.70 in methanol) [21] was used as standard.
Solid-state quantum yields were measured using an absolute method
with a Hamamatsu Quantaurus-QY spectrometer (model C11347). Ab-
sorption spectra of powder samples were recorded with an Avantes
Sensline spectrograph (AvaSpec-ULLS-TEC, 300-1100 nm), coupled to a
UV-vis-NIR light source (Mikropack DH-2000-BAL) and a fiber optic
probe (FCR-UVIR 200/600-2-IND, probe diameter 1.3 cm).

Singlet oxygen quantum yields () were determined by laser flash
photolysis through direct detection of phosphorescence emission at
1275 nm, following excitation of aerated solutions. The ¢, values were
calculated according to the procedure described in reference [22], using
1H-phenalen-1-one in toluene (Aex = 355 nm, ®, = 0.93) as reference.

Fluorescence lifetime imaging microscopy (FLIM) measurements
were performed using a Becker and Hickl DCS-120 confocal FLIM sys-
tem, equipped with a TCSPC module (SPC-150 N) and a Nikon Ti2-U
inverted microscope. The system included a galvo-drive unit (GDA-
121) and a hybrid GaAsP detector (300-720 nm) controlled by a DCC-
100 module. A 20x objective lens (CFI Plan Achromat 20X/0.40/
1.20) was used. Excitation was provided by a pulsed picosecond diode
laser at 375 nm (80 MHz repetition rate). The emission signal was
collected through a 1.0 pinhole and filtered using a 390 nm long-pass
filter and an ET 642/80 band-pass filter. Data was analyzed using
SPCImage NG software, applying a maximum-likelihood estimation
(MLE) fitting procedure at each pixel.

High-resolution mass spectra (ESI") were acquired on a Bruker
Impact II QqTOF mass spectrometer. Spectra were recorded at a rate of
1 Hz over a mass range of 100-1350 m/z. Infrared spectra were obtained
using a Thermo Scientific Nicolet 6700 FT-IR spectrometer equipped
with a Smart Orbit diamond ATR accessory (30,000-200 cm ).

2.1. Synthesis of BODIPY 1

BODIPY 1 ((R)-2,8-diethyl-5-formyl-1',3',7',9'-tetramethyl-10"-phe-
nylspiro[benzo[d][1,3,2]dioxaborole-2,5-dipyrrolo[1,2-¢:2',1-f] [4-
bora-3a,4a-diaza-s-indacene) was synthesized following a modified
procedure described in the literature [23] (Fig. 1). Briefly, BODIPY (2,8-
diethyl-5,5-difluoro-1,3,7,9-tetramethyl-10-phenyl-5H-dipyrrolo[1,2-
¢:2,1'-f][1,3,2]diazaborinin-4-ium-5-uide) (18 mg, 0.047 mmol, 1
equiv) was dissolved in dichloromethane (DCM). Subsequently, 3,4-
dihydroxybenzaldehyde (65 mg, 0.47 mmol, 10 equiv) and aluminium
chloride (62.7 mg, 0.47 mmol, 10 equiv) were added to the solution. The
reaction mixture was stirred at room temperature for 30 min. After
completion, the mixture was washed with aqueous ammonium chloride
solution and water. The organic phase was separated, dried over anhy-
drous MgSOs, and the solvent was removed under reduced pressure. The
crude product underwent purification using column chromatography on
silica gel, employing ethyl acetate/hexane (1:9) as the eluent. BODIPY 1
was obtained as brown crystals (2.8 mg, 0.0058 mmol, 12.3% yield). 'H
NMR (400 MHz, CDCls) 6: 9.84 (s, 1H), 7.52 (d, J = 4.7 Hz, 3H), 6.90 (d,
J=7.8 Hz, 1H), 2.26 (q, J = 7.5 Hz, 5H), 2.07 (s, 4H), 2.02 (s, 7H), 0.91
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Photophysical properties of BODIPY 1 and BODIPY 2 in different solvents: maximum absorption (A,ps) and emission (ren,) wavelengths, Stokes shifts (Agg), fluorescence
(¢r) and singlet oxygen (¢,) quantum yields, fluorescence lifetimes (tg), and radiative (kg), non-radiative (kngr), internal conversion (kic), and intersystem crossing

(kjsc) rate constants.

Parameter/Compound BODIPY 1 BODIPY 2
Solvent Toluene MeOH DMF ACN Toluene MeOH DMF ACN
Aabs (M) 533.5 528.5 530.5 527.5 549 541.5 544 543
Aem (nm) 546 543 544 541 565 559 561 562
Agg (cm™) 427 505 468.8 473 516 578 557 623
or (293 K) 0.037 0.032 0.011 0.008 0.78 0.77 0.51 0.75
5 (ns) 0.45 “ 0.24° 0.06%* 0.05° 6.0 6.8" 6.3" 6.9"
o1c° 0.883 - - - 0.01 0.19 0.43 0.19
Qa~ @t 0.08 - - - 0.21 0.04 0.06 0.06
ke (s™H? 8.22 x 107 1.33 x 10® 1.83 x 10® 1.60 x 10® 1.30 x 10° 1.13 x 10® 8.10 x 107 1.09 x 10®
kg™ 2.14 x 10° 4.03 x 10° 1.65 x 10'° 1.98 x 10'° 3.67 x 107 3.38 x 107 7.78 x 107 3.62 x 107
kic 7YY 1.96 x 10° - - - 2.17 x 10° 2.75 x 107 6.76 x 107 2.80 x 107
kisc s ¢ 1.78 x 10® - - - 3.45 x 107 6.32 x 10° 1.02 x 107 8.26 x 10°
knr/k 26 30.3 89.9 124 0.28 0.30 0.96 0.33
@ ps-SPC.
b ns-SPC.
Bi-exponential decay: 0.06 (98.8%), 1.60 (1.2%).
¢ ¢ic =1—¢p— or.
d Pr
kr =—.
F P
© knr = 1- {/)F.
TF
1 —
f ke = Pr QUT.
TF
& kisc = .
F
Table 2 03————T——————7—— 71— 1.0
Solvent polarity parameters (Af) and Stokes shift values used for the Lip- — — BODIPY1 (Absorption)
pert-Mataga analysis of BODIPY 1 and BODIPY 2. / —— BODIPY1 (Emission)
/ v — — BODIPY2 (Absorption)
Solvent € n Af Ass (lBODIPY 1)/ Ags (lBODIPY 2)/ | = -~ - BODIPY1 (Emission)
cm cm
0.2 ™ ! —
Toluene 2.38  1.4969 0.013  429.1 515.8 \ .
MeOH 32.66 1.3288  0.308 505.3 578.1 [72] R T4 =
DMF 3671  1.4305 0.274  467.8 557.0 £ 8
ACN 35.94 1.3441  0.305 473.1 622.6 < _
01F o
0.0015 T T T T
o
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— §
- c
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(C
> Fig. 5. Absorption and photoluminescence (PL) emission spectra of BODIPY 1
= and BODIPY 2 powders. The PL spectra were collected using an integrating
2] sphere and Aexe = 520 nm.
< 0.0005 4
(]
c Cs0H31BN20s": 478.24; found: 479.5. The structure and purity of BOD-
— ® BODIPY1 ] IPY 1 were confirmed by 1H, 13C, and ''B NMR spectroscopy together
B BODIPY2 with high-resolution mass spectrometry (HRMS) analysis (see
00000 o Figs. S1-S4 in the Supplementary Information).
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Fig. 4. Initial phosphorescence intensity of singlet oxygen at 1270 nm as a
function of laser intensity of BODIPY 1 and BODIPY 2, collected in air saturated
toluene solutions. Shown as inset are the photosensitized phosphorescence
emission decays.

(t, J = 6.7 Hz, 10H). HRMS (ESI) m/z: [M + H]" calculated for

2.2. Synthesis of BODIPY 2

BODIPY 2 (10-(acetoxymethyl)-2,8-diethyl-5,5-difluoro-1,3,7,9-tet-
ramethyl-5H-dipyrrolo[1,2-¢:2',1-f] [4-bora-3a,4a-diaza-s-indacene])
was synthesized following the procedure outlined in Fig. 2. 2,4-
Dimethyl-1H-pyrrole (0.37 g, 3 mmol, 2 equiv) was dissolved in dry
dichloromethane (DCM). Subsequently, 2-Chloro-2-oxoethyl acetate
0.341 g (2.5 mmol, 1.2 equivalents) was introduced, and the reaction
mixture was agitated at ambient temperature under nitrogen for 20 min.
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Fig. 6. Fluorescence lifetimes imaging microscopy (FLIM) images of BODIPY1 (a) and BODIPY2 (b) powders obtained with Aexe = 375 nm.

Subsequently, N,N-diisopropylethylamine (3 mL) and BFs-Et-0 (3 mL)
were added, and the reaction was allowed to proceed for an additional
20 min. The organic layer was dried over MgSOs, and the solvent was
removed under reduced pressure. The crude product was purified by
column chromatography on silica gel, employing DCM/hexane (1:1) as
the eluent. BODIPY 2 was obtained as green crystals (0.30 g, 0.80 mmol,
32.1% yield). 'H NMR (400 MHz, CDCls) 6: 5.34 (s, 1H), 2.53 (s, 4H),
2.44 (d, J =19.2 Hz, 4H), 2.43 (s, 3H), 2.41 (s, 1H), 2.40 (s, 3H), 2.28 (s,
1H). HRMS (ESD) m/z: [M + H]" estimated for CzoH2rBF2N20-": 376.21;
observed:377.3. The structure and purity of BODIPY 2 were confirmed
by H, 3¢, 1B, and °F NMR spectroscopy together with high-resolution
mass spectrometry (HRMS) analysis (see Figs. S5-S9 in the Supple-
mentary Information).

3. Results and discussion

The photophysical properties of BODIPY 1 and BODIPY 2 were
investigated both in solution and in the solid state. In solution, the ab-
sorption and emission spectra of both derivatives display the charac-
teristic bands of the BODIPY chromophore (Fig. 3). A narrow absorption
band with maxima at 533.5 nm and 549 nm (in toluene) is observed for
BODIPY 1 and BODIPY 2, respectively, accompanied by a shoulder at
shorter wavelengths. These spectral features are attributed to the 0-0
and 0-1 vibronic band of the Sy-S; transition. In addition, a broader and
unresolved absorption band at shorter wavelengths (Aaps < 400 nm) is
assigned to the S¢-S5 transition. The maximum absorption wavelength is
slightly affected by solvent polarity, with both derivatives showing a
blue shift of approximately 6 nm when going from toluene to acetoni-
trile (ACN).

In toluene, the absorption and emission spectra exhibit a mirror-
image relationship, with a small Stokes shift (Ags = 429 cm™! for
BODIPY 1 and Agg = 515 cm~! for BODIPY 2). An increase in Agg with
increasing solvent dielectric constant is observed, except in methanol. In
this case, specific solvent-solute interactions, such as hydrogen bonding,
may play an important role and influence the Agg values. The fluores-
cence quantum yields (¢g) of both BODIPY derivatives were measured in
toluene, ACN, methanol, and DMF (see Table 1). BODIPY 1 consistently

exhibits lower @ values than BODIPY 2. Such low ¢f values are
commonly observed in BODIPY derivatives where the B—F bonds are
replaced by a five-membered O—B—O ring [24]. In these systems,
deactivation to the ground state has been reported to occur through an
ICT state, involving electron transfer from an occupied molecular orbital
localized on the catecholate ligand to an unoccupied orbital centered on
the BODIPY core [25]. Furthermore, both derivatives show a slight
decrease in @ with increasing solvent polarity, with lower values
observed in polar solvents (e.g., DMF) compared to non-polar solvents
(e.g., toluene), as summarized in Table 1.

Fluorescence decays for BODIPY 1 and BODIPY 2 were obtained by
time-correlated single photon counting (TCSPC), using nanosecond and
picosecond time resolution with a 460 nm nanoLED and a 451 nm
picoLED excitation source, respectively. The fluorescence lifetimes of
BODIPY 2 fall within the range of 6-7 ns, whereas those of BODIPY 1 are
significantly shorter, ranging from 0.05 to 0.45 ns. These results are
consistent with the lower ¢p values observed for BODIPY 1 and may be
attributed to electron transfer between the catecholate ligand and the
BODIPY core. Both derivatives display monoexponential decay profiles,
except for BODIPY 1 in DMF, which shows the presence of a longer-lived
component (t = 1.6 ns) with a minor contribution to the overall decay.

The rate constants for radiative (kg) and non-radiative (knr) deacti-
vation were calculated using the relationships kr = ¢p/7r and kg =
(1 — ¢p)/7r. For BODIPY 1, both kr and kg increase with solvent po-
larity, which is also reflected in the knr/kp ratio. In contrast, BODIPY 2
exhibits kyg values more than one order of magnitude lower than those
of BODIPY 1, indicating a reduced contribution of non-radiative path-
ways to excited-state deactivation. These differences suggest that the
combined influence of the boron coordination environment and the
peripheral substituents play an important role in modulating excited-
state relaxation processes.

The markedly lower fluorescence quantum yields, and shorter
excited-state lifetimes observed for BODIPY 1 are consistent with the
presence of efficient non-radiative deactivation pathways, possibly
associated with enhanced excited-state charge redistribution and ICT
contributions involving the catecholate-containing O-B-O motif. The
increase in Stokes shift with solvent polarity, together with the gradual
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decrease in fluorescence quantum yield in more polar solvents, further
supports the participation of excited states with partial charge-transfer
character. Similar solvent-dependent trends are also observed for
BODIPY 2, although less pronounced, suggesting that both derivatives
exhibit some degree of ICT behavior. In contrast to BODIPY 1, the BF--
containing derivative exhibits lower non-radiative decay rates and
longer excited-state lifetimes, indicating a more efficient radiative
deactivation pathway. These observations highlight how variations in
boron coordination and substituent patterns can significantly influence
the balance between radiative and non-radiative excited-state deacti-
vation processes in BODIPY systems.

To further examine the effect of solvent polarity on the excited-state
behavior of both derivatives, the solvent orientation polarizability
parameter (Af) was estimated according to the Lippert-Mataga
formalism (Table 2) [26,27]. In both compounds, the Stokes shift tends
to increase in more polar solvents, indicating some degree of excited-
state charge redistribution. Although the correlation is not perfectly
linear, likely due to specific solvent-solute interactions, especially in
methanol, the results are consistent with the presence of partial ICT
character in both derivatives. The corresponding Lippert-Mataga plots
for BODIPY 1 and BODIPY 2 are provided in the Supporting Information
(Fig. S10).

The slightly larger Lippert-Mataga slope observed for BODIPY 2
suggests a somewhat stronger excited-state response to solvent polarity.
Nevertheless, the lower fluorescence quantum yields, and higher non-
radiative deactivation rates observed for BODIPY 1 indicate that addi-
tional non-radiative relaxation pathways play a more significant role in
its excited-state deactivation.

3.1. Singlet oxygen sensitization

One of the key photophysical properties evaluated in this study is the
singlet oxygen generation efficiency. The singlet oxygen sensitization
quantum yields (¢,) were determined in aerated toluene solutions by
direct measurement of the phosphorescence emission of 10, at 1270 nm
(Aexc = 355 nm). The photosensitized phosphorescence emission decays
were fitted using a monoexponential decay model, and the resulting
lifetimes were 29.0 ps (BODIPY 1) and 27.4 ps (BODIPY 2), which are
consistent with values typically reported for toluene [28]. The ¢, values
were obtained from the slope of the initial phosphorescence intensity at
1270 nm as a function of the laser dose (see Fig. 4), using 1H-phenalen-
1-one as a reference photosensitizer [29].

BODIPY 2 exhibits a significantly higher singlet oxygen quantum
yield (pa = 0.21) than BODIPY 1 (¢a = 0.08), as shown in Table 1. The
internal conversion (k¢ = (1 — ¢ — @1)/7r) and intersystem crossing
(kisc = @1 /7rF) rate constants, as well as the internal conversion quantum
yields (¢;c = 1— @p— @), the internal conversion and intersystem
crossing rate constants were estimated assuming ¢t ~ @, at room tem-
perature, which represents a simplified approximation commonly
employed for comparative analysis in solution. It should be noted that
this approximation neglects possible triplet-state deactivation pathways
other than singlet oxygen sensitization. Based on the photophysical data
in toluene, the IC pathway is the dominant deactivation pathway of the
first excited state of BODIPY 1 (¢1c = 0.883), whereas in BODIPY 2 this
pathway has a smaller contribution (¢;c = 0.19).

In BODIPY 1, the kg value is significantly lower than the ki, kisc, and
knr rate constants, with kjc being approximately one order of magnitude
higher than kigc. As a result in Table 1, singlet oxygen generation is less
efficient. The structural differences between BODIPY 1 and BODIPY 2,
particularly the replacement of the boron-fluorine (B—F) core in
BODIPY 2 with a boron-oxygen (B—O) spiro structure in BODIPY 1,
have a pronounced effect on their photophysical properties and singlet
oxygen (10,) generation efficiencies [30]. The higher singlet oxygen
generation observed for BODIPY 2 may be associated with reduced non-
radiative energy dissipation pathways, allowing more efficient popula-
tion of the triplet excited state [31]. Similar trends have been reported
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for related BODIPY systems, where differences in molecular rigidity and
electronic distribution influence the competition between radiative,
non-radiative, and triplet-state deactivation pathways [32,33]. The ¢a
values of BODIPY 2 in methanol, DMF, and ACN are also presented in
Table 1, with significantly lower values observed in these solvents.

Although higher fluorescence quantum yields are often associated
with lower triplet formation efficiencies, the present results indicate that
BODIPY 2 retains sufficiently efficient intersystem crossing to generate
singlet oxygen while still maintaining strong fluorescence emission. In
contrast, the very low fluorescence efficiency observed for BODIPY 1
appears to be dominated primarily by internal conversion processes
rather than productive triplet-state formation. Consequently, the
reduced fluorescence of BODIPY 1 does not translate into enhanced
singlet oxygen sensitization.

3.2. Photophysical properties in the solid state

Fig. 5 illustrates the absorption and emission spectra of BODIPY 1
and BODIPY 2 in their solid state. Both derivatives display broad ab-
sorption bands. The photoluminescence emission spectra, recorded
using an integrating sphere, exhibit red-shifted maxima compared to
those observed in solution (A = 643 nm for BODIPY 1 and 683 nm for
BODIPY 2). This behavior is attributed to intermolecular interactions
and aggregation effects in the solid state. Both compounds exhibit weak
fluorescence emission in the solid state, with ¢g values of 0.017 for
BODIPY 1 and 0.003 for BODIPY 2. Fluorescence lifetime imaging mi-
croscopy (FLIM) images of the BODIPY powders are presented in Fig. 6.
The FLIM data were analyzed using a biexponential decay model. Both
derivatives exhibit a short decay component of 160-180 ps (t1), with a
pre-exponential contribution of 82%, and a longer decay component (t3)
of ~0.6 ns for BODIPY 1 and 1.3 ns for BODIPY 2. For BODIPY 1, the
average decay time (ty), as well as 11 and 7y, are similar across the
sample, suggesting a relatively homogeneous distribution of emissive
environments within the solid sample. In contrast, the BODIPY 2 sample
shows regions with longer ty; values (0.57 vs. 0.32 ns), mainly due to an
increase in 11 from 0.14 to 0.31 ns and a concomitant decrease in the
pre-exponential factor from 82% to 70%. These differences most likely
reflect variations in molecular packing within the solid material.

4. Conclusions

The present study shows that structural modifications around the
boron center, together with substituent effects, have a significant in-
fluence on the photophysical behavior of these BODIPY derivatives.
BODIPY 1 exhibited lower fluorescence quantum yields and shorter
excited-state lifetimes, indicating a greater contribution of non-radiative
deactivation pathways, whereas BODIPY 2 showed higher fluorescence
efficiencies and more effective singlet oxygen generation. The solvent-
dependent spectral behavior observed for both derivatives supports
the participation of excited states with partial intramolecular charge
transfer (ICT) character, although the Lippert-Mataga analysis suggests
a slightly stronger solvent-dependent response for BODIPY 2. In the solid
state, both compounds displayed broadened and red-shifted emission
bands, consistent with intermolecular interactions and aggregation ef-
fects. Complementary FLIM measurements also revealed differences in
fluorescence lifetime heterogeneity and molecular organization within
the solid samples. These results contribute to a better understanding of
structure-photophysical property relationships in BODIPY systems and
may be useful for the future development of fluorescent materials and
photosensitizers with tailored properties.
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