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A B S T R A C T   

Three BODIPY derivatives substituted at meso position by aryl (phenyl or N,N-dimethylaminonaphthyl) groups 
and functionalized at position 2 with electron-withdrawing formyl or electron deficient benzimidazole hetero
cycle were synthesized and completely characterized by the usual spectroscopic techniques. A comprehensive 
photophysical study showed a remarkable enhancement of the singlet oxygen sensitization quantum yield for 
meso-substituted dimethylaminonaphthyl BODIPY with the decrease of the dielectric constant of the solvent 
(0.02–0.04 for dimethylsulfoxide vs. 0.84 in toluene). In toluene the triplet state formation for the amino
naphthyl substituted BODIPY’s was found to be mediated by the intramolecular charge transfer state (ICT), 
whereas in polar solvents triplet state formation is hindered by fast recombination of the ICT state. Pump-probe 
transient absorption spectroscopy was used to characterize the photoinduced dynamics of the BODIPY de
rivatives from the femtosecond to the nanosecond time scale.   

1. Introduction 

Photodynamic therapy (PDT) represents a non-invasive alternative 
approach for cancer treatment and involves the combination of three 
main elements: a photosensitizer (PS), a source of light with an appro
priate wavelength and molecular oxygen. Photosensitizers are a group of 
molecules activated by photons in order to generate reactive oxygen 
species (ROS) responsible for oxidation of proteins, lipid peroxidation, 
enzyme inhibition and DNA damage, which will trigger apoptotic 
pathways that lead to cell death. Upon light irradiation, photosensitizer 
goes through activation from the singlet ground state to the singlet 
excited state and rapidly decays, via intersystem crossing (ISC), to triplet 
excited state. PS triplet excited state transfers its energy to molecular 
oxygen to form singlet oxygen 1O2 [1,2]. Thus, monitoring singlet ox
ygen generation, commonly represented as 1O2 quantum yield (ϕΔ), is 
extremely important to evaluate the efficiency of new photodynamic 
therapy agents. 

A number of molecular structures have been widely studied for PDT, 
such as tetrapyrrole derivatives, synthetic dye classes such as pheno
thiazinium, squaraine, transition metal complexes and natural products 
including hypericin, riboflavin and curcumin. However, traditional 

photosensitizers display a flat structure which tends to interact with 
adjacent molecules through π–π stacking. This enhances the excited state 
internal conversion deactivation channel, decreasing intersystem 
crossing to form the PS triplet excited state and concomitanly reducing 
their 1O2 sensitization quantum yield [3–7]. 

During the past years several approaches have been attempted to 
fine-tune BODIPY framework towards suitable PDT agents [8–10]. 
BODIPY dyes are unique fluorophores displaying impressive spectro
scopic and photophysical property changes upon substitution of func
tional groups on the main core structure [11–13]. Substitution of the 
BODIPY backbone with electron-donating groups at position 8 (meso-
position) originates a blue shifted fluorescence emission while substi
tution at positions 3 and 5 generally originates higher bathochromic 
shift than positions 2 and 6 [14]. Orte et al. reported the effect of sub
stituent side groups like phenyl, styryl or phenylethynyl at the 2-, 3- or 8- 
position of BODIPY [15]. It was shown that substitution at 3-position 
originated BODIPYs with sharp absorption bands and high fluores
cence quantum yields, while substitution at the 2-position yielded 
BODIPYs with large Stokes shifts and broad bands. Substitution at the 
meso-position produced dyes with features like the 3-substituted ones, 
except for meso-phenyl BODIPY. Previous studies showed that by 
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attaching electron-donor groups at meso-phenyl and meso-naphthyl 
moieties induced photoinduced electron or charge transfer (PET or 
PCT), which enables BODIPYs to generate T1 state via charge recombi
nation [16]. However, pristine meso-phenyl or naphthyl substitution 
showed no improvement in generating T1 state and singlet oxygen for 
BODIPYs, which was attributed to the low electron donating ability of 
phenyl or naphthyl groups [16]. Non-halogenated BODIPYs are well 
known for their high fluorescence quantum yields, however, recently 
BODIPY derivatives displaying high triplet state formation and singlet 
oxygen photosensitization have been described [17], broadening the 
application of these chromophores to photodynamic therapy and 
theranostics. The excited triplet state formation and singlet oxygen 
sensitization efficiency of BODIPY derivatives is influenced by the 
electron donor/acceptor strength of the substituent moiety, solvent 
polarity and the substituent position [16,18,19]. 

The present work is focused on the influence of the electron donor/ 
withdrawing substituents at meso and 2-positions of the BODIPY core 
and solvent polarity on the singlet oxygen photosensitization efficiency 
of BODIPY, as well on their photophysical properties. 

2. Experimental 

All reagents were purchased from Sigma-Aldrich, Acros and Fluka 
and used as received. TLC analyses were carried out on 0.25 mm thick 
pre-coated silica plates (Merck Fertigplatten Kieselgel 60F254) and 
spots were visualized under UV light. Chromatography on silica gel was 
carried out on Merck Kieselgel (230–400 mesh). 

NMR spectra were obtained on a Bruker Avance III 400 at an oper
ating frequency of 400 MHz for 1H and 100.6 MHz for 13C, at 25 ◦C using 
the solvent peak as an internal reference. All chemical shifts are given in 
ppm using δH Me4Si = 0 ppm as reference. Assignments were supported 
by spin decoupling-double resonance and bidimensional heteronuclear 
techniques. Low and high resolution mass spectra were obtained at “C.A. 
C.T.I.—Unidad de Espectrometria de Masas” at the University of Vigo, 
Spain. The synthesis of BODIPY precursors 3i and 3ii is given in the 
Supporting Information. BODIPY precursors 3i-ii and BODIPY deriva
tive 3 have been reported elsewhere [18,20]. 

2.1. Synthesis of naphthyl-substituted BODIPY derivative 1 

2,4-Dimethylpyrrole (2.0 mmol) and 4-dimethylamino-1-naphthal
dehyde (1.0 mmol) were dissolved in dry dichloromethane (100 mL). 
One drop of trifluoroacetic acid was added and the mixture was allowed 
to stir for 50 min at room temperature. A solution of 2,3-dichloro-5,6- 
dicyano-1,4-benzoquinone (DDQ) (2.0 mmol) in dry dichloromethane 
(100 mL) was added to the mixture. Stirring was continued for another 
50 min and then triethylamine (16.3 mmol) was added. After stirring for 
15 min, BF3⋅OEt2 (27.6 mmol) was added and further stirred for 30 min. 
The solvent was evaporated under reduced pressure and the crude res
idue was purified by dry flash chromatography (petroleum ether/ethyl 
acetate, 4:1). The product was obtained as a dark red solid (0.146 g, 
35%). 

1H NMR (400 MHz, CDCl3): δ = 1.09 (s, 6H, CH3-1 and CH3-7), 2.58 
(s, 6H, CH3-3 and CH3-5), 3.05 (s, 6H, N(CH3)2), 5.94 (s, 2H, H-2 and H- 
6), 7.25 (d, J = 7.6 Hz, 1H, H-2′), 7.30 (d, J = 7.6 Hz, 1H, H-3′), 7.44 (dt, 
J = 1.2 and 7.2 Hz, 1H, H-7′), 7.54 (dt, J = 1.2 and 7.4 Hz, H-6′), 7.77 (d, 
J = 8.4 Hz, 1H, H-5′), 8.31 (d, J = 8.4 Hz, 1H, H-8’) ppm. 

13C NMR (100.6 MHz, CDCl3): δ = 13.89 (CH3-1 and CH3-7), 14.60 
(CH3-3 and CH3-5), 45.53 (N(CH3)2), 114.08 (C2′), 121.07 (C2 and C6), 
123.88 (C8′), 125.55 (C5′), 125.83 (C3′), 126.16 (C6′), 127.18 (C7′), 
128.04 (C4′), 132.19 (C7a and C8a), 132.95 (C4′a and C8′a), 140.36 
(C8), 143.01 (C1 and C7), 150.25 (C1′), 155.43 (C3 and C5) ppm. 

MS (ESI) m/z (%): 419 ([M + 2]+•, 27), 418 ([M + 1]+•, 100), 417 
([M]+•, 40), 291 (4), 102 (5); HRMS (ESI) m/z: [M + 1]+• calcd for 
C25H27BF2N3, 418.2261; found 418.2269. 

2.2. Synthesis of naphtyl-substituted BODIPY derivative 2 

A mixture of N,N-dimethylformamide (23 mmol) and POCl3 (18.2 
mmol) was stirred for 5 min at 0 ◦C under N2 atmosphere. The mixture 
was allowed to reach room temperature and stirred for additional 30 
min. Compound 1 (0.127 mmol) dissolved in dichloroethane (7 mL) was 
added dropwise while stirring. The reaction mixture was heated for 2 h 
at 50 ◦C. After cooling, the solution was poured slowly into 40 mL of 
saturated sodium bicarbonate solution at 0 ◦C and stirred for 30 min at 
room temperature. Ethyl acetate (5 mL) was added to the reaction 
mixture and the resulting organic layer separated and washed with 
water (2 × 50 mL). The organic layer was dried with anhydrous MgSO4 
and filtered. After evaporation of the solvent to dryness, the crude res
idue was purified by a silica gel chromatography column, using 
dichloromethane as eluent. The product was obtained as a dark red solid 
(0.126 g, 57%). 

1H NMR (400 MHz, CDCl3): δ = 1.12 (s, 3H, CH3-7), 1.37 (s, 3H, CH3- 
1), 2.64 (s, 3H, CH3-5), 2.84 (s, 3H, CH3-3), 3.13 (s, 6H, N(CH3)2), 6.11 
(s, 1H, H-6), 7.33 (m, 2H, H-2′ and H-3′), 7.48 (t, J = 7.6 Hz, 1H, H-7′), 
7.62 (t, J = 7.6 Hz, H-6′), 7.72 (d, J = 8.4 Hz, 1H, H-5′), 8.31 (s, 1H, H- 
8’), 9.94 (s, 1H, CHO) ppm. 

13C NMR (100.6 MHz, CDCl3): δ = 10.99 (CH3-1), 13.03 (CH3-3), 
14.40 (CH3-7), 15.09 (CH3-5), 45.69 (N(CH3)2), 124.01 (C6), 125.21 
(C5′), 124.19 (C8’), 125.60 (C2′ and C3′), 126.19 (C2), 127.03 (C8a), 
127.45 (C6′), 127.90 (C7′), 130.26 (C4′), 132.75 (C4′a and C8′a), 134.79 
(C7a), 141.80 (C8), 142.51 (C1), 147.01 (C7), 147.19 (C1′), 156.58 
(C3), 161.91 (C5), 185.87 (CHO) ppm. 

MS (ESI) m/z (%): 447 ([M + 2]+•, 29), 446 ([M + 1]+•, 100), 445 
([M]+•, 28), 201 (1); HRMS (ESI) m/z: [M + 1]+• calcd for 
C26H27BF2N3O, 446.2210; found 446.2208. 

2.3. Synthesis of phenyl-substituted BODIPY derivative 3 

Formyl-BODIPY precursor 3ii [16] (0.07 mmol), ethanol (10 mL) 
and NaHSO3 (0.15 mmol) were added in a round bottomed flask and 
stirred at room temperature for 4 h. Then, dry dimethylformamide (5 
mL) and o-phenylenediamine (0.11 mmol) were added and the reaction 
solution was heated and stirred for 2 h at 80 ◦C. After cooling to room 
temperature, ethyl acetate was added (10 mL) and the mixture was 
washed with water (3 × 10 mL). The organic phase was dried with 
anhydrous MgSO4 and the solvent was evaporated to dryness. The crude 
was purified by silica gel chromatography column using petroleum 
ether/ethyl acetate (4:1) as eluent and the product was obtained as a red 
solid (0.039 g, 77%). 

1H NMR (400 MHz, CDCl3): δ = 1.35 (s, 3H, CH3-7), 1.47 (s, 3H, CH3- 
1), 2.59 (s, 3H, CH3-5), 2.67 (s, 3H, CH3-3), 6.10 (s, 1H, H-6), 7.06–7.07 
(m, 2H, H-2′ and H-6′), 7.22–7.24 (m, 2H, H-5′′ and H-6′′), 7.37–7.40 (m, 
3H, H-3′, H-4′ and H-5′), 7.57–7.59 (m, 2H, H-4′′ and H-7′′) ppm. 

13C NMR (100.6 MHz, CDCl3): δ = 12.82 (CH3-1), 13.45 (CH3-3), 
14.61 (CH3-7), 14.88 (CH3-5), 114.56 (C7′′ and C4′′), 118.80 (C2), 
123.13 (C6), 123.60 (C5′′ and C6′′), 127.60 (C2′ and C6′), 129.27 (C3′, 
C4′ and C5′), 130.33 (C8a), 133.14 (C7), 134.11 (C1′), 136.12 (C3′′a and 
C7′′a), 140.14 (C1), 142.94 (C8), 145.68 (C2′′), 146.27 (C7a), 152.45 
(C3), 159.71 (C5) ppm. 

2.3.1. Photophysical studies 
The solvents used were of spectroscopic grade and used as received. 

Absorption and fluorescence spectra were recorded on a Cary 5000 
UV–Vis–NIR and Horiba-Jobin-Ivon Fluorolog 322 spectrometers 
respectively. All the fluorescence emission spectra were corrected for the 
wavelength response of the system. Room temperature fluorescence 
quantum yields were obtained by the comparative method using 
rubrene in chloroform, ϕF= 0.54, as reference compound [21]. Fluo
rescence decays were measured with excitation at 460 nm using a 
home-built time correlated single photon counting, TCSPC, apparatus 
described elsewhere [22]. Deconvolution of the fluorescence decay 

R.C.R. Gonçalves et al.                                                                                                                                                                                                                        



Dyes and Pigments 196 (2021) 109784

3

curves was performed using the modulating function method, as 
implemented by G. Striker in the SAND program, as previously reported 
in the literature [23]. 

The ground state molecular geometry was optimized on isolated 
entities in a vacuum without conformation restrictions using the density 
functional theory (DFT) by Gaussian 09 program [24] at 
PBE1PBE/6-311g(d,p) level [25]. Frequency analysis for each com
pound were also computed and did not yield any imaginary frequencies, 
indicating that the structure of each molecule corresponds to at least a 
local minimum on the potential energy surface. The frontier orbitals of 
the molecules based on the optimized ground state geometries were 
calculated (using the same functional and basis set as those in the pre
viously calculations) and plotted using Gaussview 6.0. 

Time resolved ultrafast transient absorption measurements were 
collected in a broadband HELIOS spectrometer from Ultrafast Systems, 
equipped with an amplified femtosecond Spectra-Physics Solstice-100F 
laser (1 kHz repetition rate) coupled with a Spectra-Physics TOPAS 
Prime F optical parametric amplifier (195–22 000 nm) for pulse pump 
generation [26]. The transient absorption data was obtained with 
excitation at 515 and 540 nm and probed in the 350–750 nm range. The 
measurements in solution were obtained in a 2 mm quartz cuvette, with 
absorptions ≈0.1 at the pump excitation wavelength. To avoid photo
degradation, the solutions were kept in movement using a motorized 
translating sample holder. The spectral chirp correction and the global 
analysis (principal component analysis implemented after single value 
decomposition) of the time resolved data was performed using Surface 
Xplorer PRO program from Ultrafast Systems. 

The experimental setup used to obtain the triplet-triplet absorption 
spectra and lifetimes consisted of (i) an LKS.60 Laser Flash Photolysis 
Spectrometer from Applied Photophysics, elsewhere described [22], 
pumped with the third harmonic (355 nm) of a Nd:YAG Quanta-Ray 
Spectra Physics laser; or a (ii) nanosecond-millisecond broadband 
(350–1600 nm) pump-probe Transient Absorption EOS-Fire spectrom
eter from Ultrafast Systems, which shares the same excitation source as 
the femtosecond pump-probe spectrometer described above. In this case 
the transient absorption data was collected with excitation at 480 nm or 
500 nm and probed in the 350–800 nm range. Low laser energy was used 
to avoid multiphoton and triplet-triplet annihilation effects. The solu
tions used to collect the transient singlet-triplet difference absorption 
spectra were bubbled with nitrogen for at least 20 min. In general, the 
obtained transient absorption signals were assigned to the triplet state of 
the BODIPY derivatives since first-order kinetics were found and strong 
quenching was observed in the presence of oxygen. 

Room-temperature singlet oxygen phosphorescence was detected at 
1276 nm with a Hamamatsu R5509-42 photomultiplier cooled to 193 K 
in a liquid nitrogen chamber (Products for Research model PC176TSCE- 
005) following laser excitation at 355 nm of aerated solutions of the 
samples in an adapted Applied Photophysics flash kinetic spectrometer 
pumped with the Nd:YAG laser described above [22]. The modification 
of the spectrometer involved the interposition of a 600-line diffraction 
grating instead of the standard spectrometer, to extend spectral response 
to the infrared. In addition to avoid the overlap of the fluorescence 
emission second harmonic signal with the sensitized singlet oxygen 

phosphorescence emission at 1276 nm a Newport longpass dielectric 
filter with 1000 nm cut-on (reference 10LWF-1000-B) was used. The 
sample solutions were optically matched at the excitation wavelength 
(absorbances less than 0.3) with those of the reference compound Phe
nalenone, ϕΔ = 0.93 in toluene solution and ϕΔ = 0.98 in the polar 
solvents THF and DMSO [27–31]. The singlet oxygen sensitization 
quantum yield values (ϕΔ) were determined by plotting the initial 
emission intensity (determined by fitting the decays with a single 
exponential law in which the pre-exponential value translates the in
tensity a time zero) of optically matched solutions as a function of the 
laser energy and comparing the slope with that obtained upon sensiti
zation with the reference compound, see Equation (1): 

ϕcp
Δ =

slopecp

sloperef ⋅ϕ
ref
Δ (1)  

with ϕref
Δ the singlet oxygen formation quantum yield of the reference 

compound. 
Ideally, the same absorbance at the excitation wavelength and 

mainly the same solvent should be used for the reference and for the 
photosensitizer under study. However, in cases where the absorbance of 
the reference and samples compound are not matched at the excitation 
wavelength and different solvents are used for the photosensitizers and 
reference compound additional corrections can be introduced in the 
previous equation. 

ϕcp
Δ =

slopecp

sloperef

ODref

ODcp
⋅
n2

cp

n2
ref

⋅ϕref
Δ (2)  

where nx is the refractive index of the solvents in which the compounds 
and the reference were respectively dissolved and ODx the optical den
sity of the reference (ref) and compound (cp) at the excitation wave
length. Although in the present work the same solvents were used for the 
BODIPY derivatives and the reference phenalenone, we would like to 
highlight that by using the slope of the plot of the phosphorescence 
signal of singlet oxygen as a function of laser intensity in the ϕΔ deter
mination, the dependence of the phosphorescence signal intensity on the 
singlet oxygen lifetime and oxygen concentration (solvent dependent 
properties) can be considered negligible, thus no additional corrections 
are needed in equation (2). 

3. Results and discussion 

The structures of the investigated compounds are depicted in Fig. 1. 
These comprise the tetramethyl-BODIPY derivatives 1–2 functionalized 
with an electron-donating N,N-dimethylaminonaphthyl group at meso 
(8-position), and a formyl electron-withdrawing group at 2-position, 
and BODIPY derivative 3 bearing a phenyl group at meso position, and 
a benzimidazole heterocycle at position 2 of the BODIPY core. 

The meso-substituted BODIPY derivative 1 was obtained by following 
the well-established Lindsey’s method [32]. The synthesis involved the 
condensation between the aryl aldehyde and 2 equiv. of 2,4-dimethyl
pyrrole, followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-ben
zoquinone (DDQ) and amine-mediated boron chelation to afford the 

Fig. 1. Structures of the investigated compounds. (1–3).  
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symmetrical meso-substituted N,N-dimethylaminonaphthyl-BODIPY. 
The formylated BODIPY derivative 2 was synthesized through 
Vilsmeier-Hack reaction by treating compound 1 with Vilsmeier reagent 
prepared from POCl3 and DMF (Scheme 1). BODIPY precursors 3i and ii 
were prepared according to procedures described previously (Scheme 
S1) [20]. The benzimidazole containing BODIPY derivative 3 was pre
pared through the condensation reaction between o-phenylenediamine 
and formyl-BODIPY precursor 3ii in the presence of NaHSO3 as acti
vating agent of the diamine (Scheme 2). Compound 3 has been already 
synthesized and reported by other research group through a different 
synthetic methodology aiming its application as “off-on” fluorescent pH 
sensor [18]. Identification of the three BODIPY derivatives 1–3 was 
performed through 1H and 13C NMR spectroscopy and mass spectrom
etry. The results were consistent with the predicted structures, as shown 
in the experimental section. 

3.1. Photophysical properties 

The absorption and fluorescence emission spectra of the BODIPY 
derivatives in solvents of different polarity solution are presented in 
Fig. 2. The absorption spectra show the characteristic absorption fea
tures of the BODIPY chromophore with the strong absorption band with 
maximum at ~495–515 nm and emission maxima at ~515–570 nm 
[11]. The fluorescence emission spectra of the investigated BODIPY’s 
are strongly solvent dependent. The emission spectra of the 
amino-naphthyl derivatives in toluene in addition to the characteristic 
BODIPY emission presents an additional broad and structureless 
red-shifted emission band (see Fig. 2), that, has described elsewhere is 
promoted by the presence of the amino group and attributed to intra
molecular charge transfer [16]. Noteworthy is that, in polar solvents, the 
ICT band is not observed due to fast recombination of the ICT state. 

For BODIPY 3 although no additional red-shifted emission band was 
observed, the high Stokes shift (ΔSS) values found for the investigated 
solvents, together with their concomitant increase, with the solvent 
dielectric constant values (ΔSS = 1874 cm− 1 in toluene, εTHF = 2.379, 
ΔSS = 2056 cm− 1 in THF, εTHF = 7.58, and ΔSS = 2353 cm− 1 in DMSO, 
εDMSO = 46.7)21, see Fig. 2, points to the occurrence of charge transfer. 
This is in agreement with previously reported DFT theoretical 

calculations which demonstrated that photoinduced electron transfer 
partly occurs between BODIPY and the benzimidazole moiety [18]. 

The fluorescence quantum yields (ϕF) obtained in polar solvents were 
found to be in the 0.004–0.007 range for BODIPY 1 and 2, in agreement 
to what was previously reported [18], while for 3 values of ϕF = 0.33 
and 0.14 in THF and DMSO solutions were respectively obtained, see 
Table 1. Going to the non-polar solvent toluene, in general, the ϕF values 
are significantly higher than those found in polar solvents, ϕF = 0.058 
(1), 0.047 (2) and 0.56 (3), see Table 1. 

Comparison with the 1,3,5,7-tetramethyl-BODIPY (ϕF = 0.80) [11] 
shows that the introduction of the electron-donor N,N-dimethylamino
naphthyl moiety at the BODIPY meso-position (BODIPY 1 and 2) leads to 
a dramatically decrease of the ϕF values. It should be noted that, in 

Scheme 2. Synthesis of phenyl-substituted BODIPY derivative 3.  

Fig. 2. Room temperature absorption and fluorescence emission spectra for the 
investigated BODIPY derivatives in toluene, tetrahydrofuran (THF) and dime
thylsulfoxide (DMSO) solution. 

Table 1 
Spectroscopic (absorption, fluorescence and triplet absorption maxima) and 
photophysical data (including fluorescence, ϕF, internal conversion, ϕIC, and 
singlet oxygen sensitization, ϕΔ, quantum yields together with fluorescence 
lifetimes, τF, and triplet lifetimes, τT) for the BODIPY derivatives in THF solution 
(unless noted) at 293 K.  

Compound λAbs
max 

(nm)  
λFluo

max 
(nm)  

λTi→Tn
max

a 

(nm)  
ϕF τF

a 

(ns) 
ϕΔ τT 

(μs) 

1 500 515 550 0.058a 3.3c 0.84a 24a 

0.004 0.16 85 
0.005b 0.04b  

2 495 515 550 0.047a 4.4c 0.29a 48a 

0.007 0.05 100 
0.005b 0.02b  

3 515 576 430 0.56a 4.2 0.10a 85a 

0.33 0.15  
0.14b 0.17b   

a Data in toluene. 
b Data in DMSO. 
c Characteristic fluorescence lifetime value of the BODIPY local excited state. 

Scheme 1. Synthesis of naphthyl-substituted BODIPY derivatives 1 and 2.  
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general, the small Stokes-shift and high ϕF values found for the 
non-substituted BODIPY are properties independent of solvent envi
ronment [33]. Therefore, the strong emission quenching found for 
BODIPY 1 and 2 is attributed to photoinduced electron transfer in the 
excited state from the BODIPY core to the aminonaphthyl meso-sub
stituent. For BODIPY 3 the positive solvatokinetic effect going from 
non-polar to polar solvents shows that photoinduced electron transfer 
should occur between the BODIPY and benzimidazole groups. 

To gain further insight into the molecular properties, DFT calcula
tions for BODIPY 1–3 were carried out at the PBE1PBE/6-311g(d,p) 
level [34]. The calculated structures do not show negative fre
quencies, inferring that the optimized geometries are in the global en
ergy minima. The frontier molecular orbitals in Fig. S1 in SI, show that 
the electron density in the HOMO orbital is spread between the ami
nonaphthyl or benzimidazole units and the BODIPY while the LUMO is 
localized in the BODIPY core. Thus, demonstrating that photoinduced 
electron transfer exists between BODIPY and the aminonaphthyl moi
eties in BODIPY 1 and 2, and benzimidazole in BODIPY 3 [18]. 

The fluorescence decays for BODIPY’s 1–3 in toluene solutions were 
obtained by time correlated single photon counting using as excitation 
source a 451 nm picoled (IRFFWHM~ 90 ps) or a 460 nm nanoled 
(IRFFWHM~ 1 ns). For BODIPY 1 and 2 the decays were collected in the 
characteristic emission of the locally excited state, LE, (~520 nm) and of 
the charge transfer band, CT, (~650 nm), see Fig. S2 in SI and Fig. 2. The 
global fit analysis showed that the decays are well fitted with a biex
ponential decay law with lifetimes (i) for BODIPY 1 of 3.3 ns associated 
to the decay of the LE state and a longer decay time of 6.9 ns attributed 
to the CT emission; (ii) for BODIPY 2 on the contrary and based on the 
weight of the preexponential values (aij) at the characteristic emission 
wavelengths of the LE and CT bands (see Fig. S2 in SI) the LE display a 
lifetime of 4.4 ns while a shorter value of 1.7 ns was found for the CT 
state. 

The fluorescence decay for 3 collected at 570 nm in toluene solution 
was found to be well fitted with a mono-exponential decay law, dis
playing a fluorescence lifetime of 4.2 ns (see Fig. S2 and Table 1). 

3.2. Singlet oxygen photosensitization 

To evaluate the potential of the BODIPY derivatives as PDT agents, 
singlet oxygen sensitization quantum yields (ϕΔ) were obtained by 
direct measurement of the characteristic phosphorescence emission of 
1O2 at 1276 nm, after excitation at 355 nm of aerated toluene, THF and 
DMSO solutions of the BODIPY derivatives (see Fig. S3 in SI). The 
observed kinetic traces were attributed to the photosensitized phos
phorescence emission decay of singlet oxygen since: (i) these were well 
fitted with a single-exponential decay law with lifetimes of ~29.5 μs in 
toluene, ~20.8 μs in THF and ~5.5 μs in DMSO solution, which are in 
good agreement with the characteristic lifetimes of singlet oxygen in 
these solvents (31.9 μs, 20.2 μs and 5.7 μs, respectively) [35–37]; and (ii) 
the signal was quenched when degassing the solutions with N2 for at 
least 20 min. 

The ϕΔ values were determined using a comparative method (using 
phenalenone as reference photosensitizer) by plotting the initial phos
phorescence intensity (at 1276 nm) as a function of the laser dose and 
comparing the slope with that obtained for the reference compound 
obtained in identical experimental conditions, see Fig. 3 and Table 1. 
The ϕΔ values were corrected for the absorbance of the samples and 
reference compound (less than 0.3) at the laser excitation wavelength, 
355 nm. Noteworthy is the remarkable enhancement of singlet oxygen 
sensitization efficiency for the meso-substituted naphthylamine BODIPY 
1 and 2 going from the polar solvents (in THF solution ϕΔ = 0.16 and 
0.05 while in DMSO, ϕΔ = 0.04 and 0.02, respectively) to the non-polar 
toluene, ϕΔ = 0.84 and 0.29, respectively). Opposite behaviour was 
found for the 2-substituted benzimidazole BODIPY 3 were a small in
crease in the ϕΔ values was observed going from toluene to DMSO (ϕΔ 
values ranging from 0.10 in toluene to 0.17 in DMSO, see Table 1). 

Comparison between 1 and 2 shows that the introduction of the 
electron-acceptor formyl group in position 2 of the BODIPY core de
creases the singlet oxygen sensitization efficiency in toluene solution 
(ϕΔ = 0.85 vs. 0.29, respectively). 

Similar to what was previously reported [16], for BODIPY 1 and 2 
the higher singlet oxygen sensitization quantum yields together with the 
ICT emission bands found in toluene shows that the triplet state depends 
on the charge transfer state. In polar solvents, the ICT state is very weak 
thus the triplet state is not efficiently populated, which explains the 
observed lower singlet oxygen quantum yields (Table 1). These results 
may be explained qualitatively by the effects of solvent polarity on the 
energetic ordering of the LE and CT states of 1 and 2 [27]. In polar 
solvents, the CT state has a higher energy than the LE state, therefore, 
intersystem crossing to the triplet manifold is not favored, and internal 
conversion is dominant, as demonstrated in Table 1 by the low ϕF values 
of BODIPY 1 and 2; ii) in nonpolar solvents, the CT states are stabilized 
relative to the ground state, and the CT state lies below the LE state and 
the intramolecular charge transfer becomes favorable prompting inter
system crossing. 

3.3. Pump-probe transient absorption spectroscopy 

To further investigate the excited state dynamics of the investigated 
BODIPY derivatives the time-resolved femtosecond and the nanosecond 
transient difference absorption spectra were obtained in toluene solu
tion (where singlet oxygen generation is favored through efficient triplet 
state energy transfer). 

The femtosecond transient absorption (fs-TA) was collected in the 
wavelength range from 340 nm to 750 nm in a 7.6 ns time window, see 
Fig. 4. The samples were excited in the lowest energy S1←S0 absorption 
band, at 515 nm (BODIPY 1 and 2) and 540 nm (BODIPY 3), using low 
laser pump energies (≤300 nJ) to avoid nonlinear effects. In general, the 
TA spectra of aerated toluene solutions of the investigated polymers are 
composed of a broad positive excited state absorption (ESA) in the 
350–470 nm and 540–700 nm range, and negative strongly overlapped 
bands resulting from bleaching of the ground state absorption, GSA, 
(centred at ~510 nm for BODIPY 1 and 2, and ~525 nm for 3) and 
stimulated emission (>520 nm, 1 and 2, and >560 nm, 3), see Figs. 4 
and 2. 

As shown in Fig. 4, in general, in the first 2 ns the initially formed 
ESA band (which is attributed to the S1–Sn ESA) gradually red shifts and 
thereon the band maxima remain unchanged (not decaying completely) 
up to the longest delay time measured. Based on the long-lived nature of 

Fig. 3. Room temperature plots of the initial phosphorescence of singlet oxy
gen at 1276 nm as a function of laser intensity together with the best linear fits 
to the data points (from where the slopes for the ϕΔ determination were ob
tained) collected in air saturated solutions of the reference compound phena
lenone (Phen) and the BODIPY derivatives in similar experimental conditions. 
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the latter band and the good agreement between the spectroscopic data 
obtained in the fs-TA at longer delay times and the triplet absorption 
bands obtained by ns-TA (see Fig. S2 in SI) this spectroscopic feature is 
attributed to the T1-Tn ESA. 

The triplet-triplet transient absorption spectra of deaerated solutions 
of the BODIPY derivatives were collected by nanosecond-millisecond 
pump-probe transient absorption spectroscopy (Fig. S4 in SI). Similar 
transient triplet-triplet absorption spectra and triplet lifetimes (τT =

24–100 μs) were found in toluene and THF solution (Table 1). The triplet 
nature of the transient absorption signals is supported by their 
quenching by oxygen in air-saturated solutions which follows pseudo 
first order kinetics. 

3.4. Kinetic analysis 

Global fit analysis (using the principal component analysis method
ology) was performed after singular value decomposition to better 
describe the observed ultrafast TAS dynamics. The analysis was per
formed using all the kinetics in the 360–725 nm range and taking into 
account the transient lifetimes obtained in the ns-TA data (i.e., fixing the 
long decay time in the analysis to the triplet lifetime). In general, the 
transient decays were well fitted with the sum of four exponentials, see 
Fig. S5 in SI and Table 2. Therefore, the excited state dynamics of the 
investigated BODIPY can be described with a series of sequential steps, 
see Scheme 3. In agreement with previous works [33,38–40], we pro
pose that after light absorption to the excited Franck-Condon state (FC); 
(i) fast FC relaxation and solvent-related reorganization occurs to form 
the locally excited state (transient lifetime values ranging from 0.44 ps 
to 4 ps, τ1); (ii) from here charge separation concomitantly with 
conformational evolution (associated with BODIPY-core structural 
changes in the excited state) give rise to the charge transfer state (CT) 
discussed above (τ2 in the 50–87 ps range). Indeed, although the methyl 
groups at the 1,3,5-positions hinder the rotation of the substituent 
groups at the meso- and β-positions, it was shown that bending of the 
BODIPY-core occurs in the excited state [38]. Finally the CT state can 
deactivate to the ground state or lead to triplet-state formation (through 
charge recombination) [41] with transient lifetimes in the 1.5–3.8 ns 
range (that are in agreement with the fluorescence lifetimes obtained by 
single photon counting, Table 1). 

4. Conclusion 

In conclusion, three aryl-BODIPY derivatives with electron-donor 
and electron withdrawing groups at meso and 2-position, respectively, 
were synthesized and the effects of the substituent groups and solvent 
polarity on the singlet oxygen generation efficiency was investigated. It 
was seen that electron-donating groups at the meso-position strongly 
enhances singlet oxygen photosensitization in non-polar solvents while 
the introduction of a benzimidazole electron-deficient heterocycle at 
position 2 of the BODIPY core does not significantly enhance singlet 
oxygen generation. Triplet state formation was found to be mediated by 
the occurrence of a charge separated state in the investigated BODIPY 
derivatives. 
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Fig. 4. Room temperature time resolved transient absorption spectra for the 
investigated BODIPY derivatives in aerated toluene solutions after 250 fs laser 
pulse (IRF) at excitation wavelength of 515 nm (1 and 2) and 540 nm (3). As 
inset is highlighted the positive excited state absorption band (ESA) that results 
from the contribution of ESAS1− Sn at shorter delays and ESAT1− Tn at longer 
delay times. 

Table 2 
Transient decay lifetimes (τi) obtained from the global fit analysis to the TAS 
data (i.e., simultaneous analysis of the decays collected in the 360–725 nm 
range) for the investigated BODIPY derivatives in toluene solution.  

Compound τ1 (ps) τ2 (ps) τ3 (ns) τ4 (μs)a 

1 4 50 2.9 24 
2 0.44 44 1.5 48 
3 1.7 87 3.8 85  

a Fixed in the analysis to the triplet lifetime. 

Scheme 3. Representation of the excited state dynamics of the investigated 
BODIPY derivatives in toluene, where FC represents the Frank-Condon state, LE 
– locally excited state, CT-charge transfer state, CR – charge recombination and 
T1-triplet excited state. 
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