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Abstract
We show that unsymmetric BODIPY compounds with one, two, and three methyl groups can be synthesized easily and
efficiently by the unsymmetric reaction method. Their steady state and time-resolved fluorescence properties are examined in
solvents of different polarity. These compounds show high fluorescence quantum yields (0.87 to 1.0), long fluorescence lifetimes
(5.89 to 7.40 ns), and small Stokes shift (199 to 443 cm−1). The methyl substitution exhibits influence on the UV-Vis absorption
and fluorescence properties, such as the blue shift in emission and absorption spectra. It is the number rather than the position of
methyls that play major roles. Except for 3 M-BDP, the increase in the number of methyls on BODIPY core leads to the increase
in both fluorescence quantum yield and radiative rate constant, but causes the decrease in fluorescence lifetime. H-bonding
solvents increase both the fluorescence lifetime and quantum yields. The methylated BODIPYs show the ability to generate
singlet oxygen (1Δg) which is evidenced by near-IR luminescence and DPBF chemical trapping techniques. The formation
quantum yield of singlet oxygen (1Δg) for the compounds is up to 0.15 ± 0.05.
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Introduction

BODIPY compounds are widely studied and have been
applied in chemistry, biology, medical and materials sci-
ences [1–7]. A large number of substituted BODIPYs,
mainly symmetrical ones, have been synthesized and ex-
tensively explored [1–3], after they were first discovered
by Treibs and Kreuzer in 1968 [8]. In spite of this, the
core BODIPY (BDP in Scheme 1) was not reported until
2009 due to the difficulty in its synthesis [9–11]. The

mono-, di-, and tri-methyl substituted BODIPYs
(Scheme 1) are among the most similar to BDP and could
be considered as the references to those containing
BODIPY core as a whole or sub-functional unit. Only a
few of methyl substituted BODIPYs has been reported so
far due to their unsymmetric nature [1–3, 12]. The syn-
thetic method for unsymmetric BODIPYs is different
from that of symmetric ones (Scheme 1) and presents
more challenges. On the other hand, the methyl substitut-
ed BODIPYs have some particular applications, such as
the starting materials of Knoevenagel condensation to at-
tach an alkenyl unit and selective lateral lithiation for
linking an electrophile (Scheme 2) [13–15].

The unsymmetric synthetic method for BODIPYs needs
two different pyrroles and one of them must have a –CHO
or a –COCl group (Scheme 1). The symmetric method, how-
ever, requires only one pyrrole (Scheme 1). Compound BDP
and 8 M-BDP can be prepared by either an unsymmetric or a
symmetric method. The usage of the symmetric method in
BODIPY synthesis is enormous in literature [3, 12] but that
of the unsymmetric method is rare and still not well devel-
oped. Compound 3 M-BDP, 38DM-BDP, and 138TM-BDP
are unsymmetric and have not been reported in literature. Due
to the reasons mentioned above, we report hereby the
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synthesis of BDP, 3 M-BDP, 8 M-BDP, 13DM-BDP, 38DM-
BDP, and 138TM-BDP using the unsymmetric method. We
have also measured and analyzed their fluorescence and sin-
glet oxygen photosensitizing properties according to our ex-
perience in this area [16–21].

Experimental

Materials and Instruments

All solvents for spectrum studies were dried and redistilled
before use. All reagents for synthesis were analytical grade
and used as received. 1H and 13C NMR spectra were obtained
at room temperature on a Bruker AVANCE III HD 600 MHz
NMR spectrometer. Chemical shifts (δ) are given in ppm rel-
ative to CDCl3 (7.26 ppm for 1H and 77 ppm for 13C) or to
internal TMS (0 ppm for 1H). High resolution MS spectra
were measured with a Thermal Fisher LCQ Fleet™ mass
spectrometer using ESI in positive mode. UV-vis spectra were

measured on an Agilent 8454 spectrophotometer using 1 cm
matched quartz cuvettes. Fluorescence spectra were measured
by FLS920 steady-state/time-resolved fluorescence spectrom-
eter (UK Edinburgh Instruments Ltd.).

Synthesis

The general procedure for the synthesis and purification of meth-
yl substituted BODIPYs is as following. Dichloromethane
(50 mL) containing methyl substituted pyrrole (2 mmol) and a
drop of trifluoroacetic acid were stirred at room temperature.
Then 2-formylpyrrole or 2-carbonylpyrrole (2.3mmol) dissolved
in dichloromethane (25 ml) was added dropwisely. The resulting
mixture was stirred until TLC showed the complete consumption
of 2-formylpyrrole or 2-carbonylpyrrole. After that triethylamine
(7 mL) in dichloromethane (20 mL) was added to the reaction
mixture, which was followed by the slow addition of
borontrifluoride-etherate (10 mL) in dichloromethane (20 mL)
to the reaction mixture. Ice cooling was applied during these
additions. Solvent was removed by vacuum distillation.

Scheme 1 Chemical structures and synthetic methods of BODIPYs
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Purification was carried out by column chromatography with
silica gel (200–300 mesh) and the eluent solvent is n-hexane/
CH2Cl2 (90:10 v/v). Column chromatography was repeated
twice or more to completely purify the product.

BDP The yield was 9.5%. 1H NMR (600MHz, Chloroform-d)
δ 7.90 (s, 2H), 7.43 (s, 1H), 7.16 (d, J = 3.9 Hz, 2H), 6.56 (d,
J = 3.6 Hz, 2H). 13C NMR (151 MHz, Chloroform-d) δ
145.08, 141.42, 135.17, 131.38, 118.81. HRMS: [M +Na]+

cald. 215.0563, found: 215.0554.

3 M-BDP The yield was 11.3%. 1H NMR (600 MHz,
Chloroform-d) δ 7.26 (s, 1H), 7.06 (s, 1H), 6.94 (d, J =
4.0 Hz, 2H), 6.27 (d, J = 4.0 Hz, 2H), 2.62 (s, 3H). 13C
NMR (151 MHz, Chloroform-d) δ 158.28, 134.72, 130.07,
126.78, 119.58, 14.94. HRMS (ESI): [M + Na]+ cald.
229.0719, found: 229.0710.

8 M-BDP The yield was 12.4%. 1H NMR (600 MHz,
Chloroform-d) δ 7.85 (s, 2H), 7.31 (s, 2H), 6.55 (s, 2H),
2.64 (s, 3H). 13C NMR (151 MHz, Chloroform-d) δ 145.88,
143.42,135.55, 128.04, 117.99, 16.19. HRMS (ESI): [M +
Na]+ cald. 229.0719, found: 229.0709.

13DM-BDP The yield was 10.2%. 1H NMR (600 MHz,
Chloroform-d) δ 7.64 (s, 1H), 7.20 (s, 1H), 6.93 (d, J =
3.7 Hz, 1H), 6.43 (s, 1H), 6.16 (s, 1H), 2.59 (s, 3H), 2.28 (s,
3H). 13C NMR (151 MHz, Chloroform-d) δ 163.11, 145.78,

139.20, 136.48, 132.60, 126.49, 124.72, 121.23, 116.30,
15.19, 11.41. HRMS (ESI): [M +Na]+ cald. 243.0876, found:
243.0866; [2 M +Na]+ cald. 463.1859; found: 463.1840.

38DM-BDP The yield was 22.6%. 1H NMR (600 MHz,
Chloroform-d) δ 7.67 (s, 1H), 7.25–7.23 (m, 1H), 7.13 (d,
J = 3.8 Hz, 1H), 6.46 (dd, J = 4.3, 2.0 Hz, 1H), 6.34 (d, J =
4.3 Hz, 1H), 2.62 (s, 3H), 2.53 (s, 3H). 13C NMR (151 MHz,
Chloroform-d) δ 160.39, 142.49, 139.74, 136.17, 134.32,
129.60, 125.11, 120.44, 116.47, 15.62, 15.06. HRMS (ESI):
[M +Na]+ cald. 243.0876, found: 243.0865.

138TM-BDP The yield was 17.6%. 1H NMR (600 MHz,
Chloroform-d) δ 7.60 (s, 1H), 7.07 (d, J = 4.0 Hz, 1H), 6.42
(dd, J = 4.1, 2.1 Hz, 1H), 6.14 (s, 1H), 2.56 (s, 3H), 2.52 (s,
3H), 2.39 (s, 3H). 13C NMR (151 MHz, Chloroform-d) δ
159.97, 145.48, 142.00, 137.84, 134.20, 134.13, 123.84,
122.74, 115.57, 16.86, 16.42, 14.89. HRMS (ESI): [M +
Na]+ cald. 257.1032, found: 257.1020; [2 M + Na]+ cald.
491.2172; found:491.2149.

Sample Solution Preparation for Measurements

For each solvent, parent BODIPY solid was first dissolved in a
small vial to make a concentrated stock solution (1 mL). It was
then diluted in another vial until the absorbance was ~0.80 at
the peak maximum for absorption spectra. For fluorescence
measurements, the fluorescence quantum yield is very sensitive

Scheme 2 Application of methyl
BODIPYs in synthesis
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to the sample concentration and excitation wavelength due to
the self-absorption effect. Therefore the dye concentration in
any solvent was adjusted low enough to yielding an absorbance
of ~ 0.090 at the excitation wavelength (480 nm) in 1 cm path
cuvettes to avoid self-absorption effect.

Methods for Spectral Measurements and Data
Processing

The procedure is similar to that in our previous report [22, 23].
Fluorescence measurements were performed by using a FLS
920 fluorospectrometer of Edinburgh Instruments with cu-
vettes of 1 cm and excitation at 480 nm (22 °C). Both the
emission and excitation slits were 0.5 nm. The fluorescence
was measured at 90o to the incident excitation beam. The
fluorescence intensity at a wavelength was calibrated against
the detector response and the excitation light intensity. The
fluorescence quantum yield was computed by using Eq. (1).

Φ f ¼ Φ0
f •

Fs

F0
•
A0

As
•
n2s
n20

; ð1Þ

in which F is the integrated fluorescence intensity, A is the
absorbance at excitation wavelength, n is the refractive index
of the solvent used, the subscript 0 stands for a reference
compound and s represents samples. Fluorescein in ethanol
containing 1 × 10−3 mol/L NaOH was used as the reference

(Φ0
f = 0.92) [23]. Φf values of Eosin Y, Eosin B thus obtained

in ethanol also match the reported values. Several measure-
ments for a Φf value were performed and averaged by choos-
ing different concentrations and excitation wavelengths.

Measurements of the fluorescence lifetimes were per-
formed with standard time-correlated single-photon counting
method. The excitation light was a portable diode laser (EPL-
515, Edinburgh Instruments), the 509 nm (80 ps, 0.10 mW)
laser beam was guided into the samples, and emission at
520 nm was detected with a PMT (Hamamatsu R928) cooled
to −21 °C. The repetition rate is 10 MHz whilst the count rate
did not exceed 20 kHz (0.2%) in order to avoid pile-up effects.
The bandwidth for excitation as well as for emission was
<2 nm. The prompt response function of the system had an
fwhm between 500 and 700 ps.

The convolution method supplied with the instrument was
used to fit the I(t) = A + B × e(−t/τf

) to obtain the fluorescence
lifetime τf. The chi-squared value is less than 1.25 for fitting
data. R6G in ethanol was used as the reference to test the
lifetime measurement (τf = 3.97 ns), which is in excellent
agreement with the measured value of 3.96 ns [22]. The fluo-
rescence lifetimes of the BODIPY dyes showed no depen-
dence on the emission wavelength and sample concentration
in the test range from 0.01 to 0.1 mmol/L. The lifetime value
of a fluorescein dye was easily reproducible regardless of the
change on emission wavelength and the dye concentration.

Computational Simulation

The calculations were carried out using density functional
theory (DFT) method as implemented in the Gaussian 09
package. The B3LYP exchange-correlation functional was
chosen together with a 6-311G++ basis set for structural opti-
mization. The solvent effect was modeled using the
Polarizable Continuum Model (CPCM) method. In all the
cases frequency analysis was made after geometry optimiza-
tion to ensure the convergence to an energy minimum.

Results and Discussion

Synthesis

In our case, the unsymmetric reaction of two different pyrroles
gives the desired products, in which 3 M-BDP, 38DM-BDP,
and 138TM-BDP have not been reported in literature. It is
essentially a facile one-pot reaction. The experimental proce-
dure is significantly easier than that of the symmetric proce-
dure. On the other hand, the pyrrole molecule containing a
C=O group can have self-reaction (i.e. it reacts with another
such a molecule) and leads to the by-products. To avoid such
side reactions, the titration of 2-formylpyrrole (or 2-
carbonylpyrrole) into methyl-pyrrole under fast stirring was
used. The reaction temperature was maintained at 22 °C or
lower to prevent the side reaction. Low polarity solvent as
eluent gives good purification results. HRMS, 1H NMR, 13C
NMR, and UV-Vis spectra all well consistent with the product
structure.

The Absorption, Fluorescence Properties
and the Effect of Methyl Substitution

The UV-Vis absorption and fluorescence spectra were mea-
sured in three solvents: n-hexane, DCM andmethanol. Table 1
summarizes the results. Fig. 1 shows the spectra in methanol.
The shape and main band position of these BODIPYs are
consistent with those for BODIPYs in literature [10, 11, 14,
24]. Comparing the spectra of these compounds, the differ-
ence in peak positions but similarity in spectral shape is obvi-
ously existent between them. This is because both the number
and position of methyls on the BDP core affect the spectra, as
shown in Fig. 2. In comparison to the unsubstituted BDP, only
3 M-BDP is red shifted in emission and absorption maximum
(λem and λabs in Fig. 2), while λem and λabs of all other com-
pounds are blue shifted. This indicates that 3-methyl is dom-
inated by the position effect. For compounds other than 3 M-
BDP, it is the number of methyls that determines the λem and
λabs for mono-, di-, and tri-methyl substituted BODIPYs.
From Fig. 2, we conclude that the more the methyls on BDP
core, the shorter the λem and λabs in each solvent (except 3 M-
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BDP). A methyl is considered an electron donating group,
when a hydrogen atom on an aromatic ring (such as benzene
and naphthalene) is replaced by a methyl, the λem and λabs of
the aromatic compound is expected to show red shift due to
the hyperconjugative effect. The hyperconjugative effect oc-
curs when the electrons in a σ orbital (C–H of CH3) are
delocalized into an adjacent empty π orbital (of the benzene

ring) to give an extended molecular orbital. The CH3 makes
the π-system extended and therefore causes the red shift of
absorption and emission maximum. However, it is clearly not
the case (no hyperconjugative effect for these CH3 substituted
BODIPYs) for the methyl substituted BODIPYs except 3 M-
BDP. BDP π-system is different from that of benzene and
naphthalene. BF2 is very strong electron withdrawing but B

Table 1 The photophysical data
in air saturated n-hexane, DCM
and methanol

Solvent λabs/
nm

λex/
nm

λem/
nm

Δν/
cm−1

Φf τf/
ns

knr/
108 s−1

kf/
109 s−1

BDP n-hexane 502 501 509 274 0.92 6.79 0.12 0.14

DCM 503 502 510 273 0.88 6.78 0.18 0.13

MeOH 497 497 505 319 0.96 7.35 0.054 0.13

3 M-BDP n-hexane 510 509 515 190 0.96 6.75 0.059 0.14

DCM 511 510 517 227 0.92 6.20 0.13 0.14

MeOH 506 505 512 232 1.00 6.96 ~0.00 0.14

8 M-BDP n-hexane 500 499 506 237 0.96 6.62 0.060 0.15

DCM 499 498 507 316 0.88 6.14 0.20 0.14

MeOH 494 493 503 362 1.00 6.69 ~0.00 0.15

13DM-BDP n-hexane 493 499 504 443 0.93 6.21 0.11 0.15

DCM 498 497 507 356 0.87 5.89 0.22 0.15

MeOH 493 492 503 403 0.99 6.34 0.016 0.16

38DM-BDP n-hexane 499 499 504 199 0.96 6.61 0.061 0.15

DCM 498 497 506 317 0.89 6.23 0.18 0.14

MeOH 494 492 502 323 1.00 6.76 ~0.00 0.15

138TM-BDP n-hexane 492 491 498 245 0.98 6.10 0.033 0.16

DCM 488 488 500 492 0.95 5.93 0.084 0.16

MeOH 486 484 497 455 1.01 6.31 ~0.00 0.16

1357TM-BDP c-hexane 508 508 514 230 0.96 5.85 0.068 0.16

DCM 506 505 513 270 0.92 5.73 0.14 0.16

ethanol 503 503 510 273 0.99 5.95 0.017 0.17

Ph-1357TM-BDP n-hexane 501 501 511 391 0.56 3.37 1.31 0.17

DCM 501 501 513 467 0.63 3.97 0.93 0.16

MeOH 498 498 510 473 0.58 3.90 1.08 0.15

Fig. 1 The UV-Vis absorption and fluorescence spectra in methanol. For fluorescence spectra, the excitation is 470 nmwith absorbance 0.090 at 470 nm
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atom in BDP is not part of the π-system although B atom is
coplanar with other BDP carbon atoms. In fact, 8-NH2 substi-
tution causes a much larger blue shift (90–100 nm) since it
significantly alters the electronic and geometrical properties of
the molecule [25]. 3-C of BDP is significantly more positively
charged than other carbon atoms, so that 3-methyl is able to
donate electrons and show hyperconjugative effect. The blue
shift of 13DM-BDP is likely due to that 1-methyl causes dom-
inant blue shift which cancels the small red shift of 3-methyl.

Fig. 3 compares the normalized absorption, excitation and
emission spectra. The excitation spectrum of a compound is
basically the same as its absorption spectrum, while the emission
spectrum is mirror symmetric to its maximum absorption band,
indicating that S1 is the only state which emits fluorescence.

Comparing emission maximum (λem) of each compound in
three solvents (Fig. 2 right, the red line of DCM is higher than
the black line of n-hexane, while the black line of n-hexane is
higher than the blue line of methanol), we can see that λem of
each compound shows the same solvent effect, in other words
this relation holds for each compound: λem (DCM) > λem (n-

hexane) > λem (MeOH). Methanol H can form strong
Hydrogen-bonding MeO···H···F···BF, so that methanol shows
much smaller solvent polarity effect.

Effects of Methyl Substitution
on Fluorescence Quantum Yield and Lifetime
Values

The fluorescence lifetime value is an important parameter for
a fluorophore to be used in fluorescence lifetime imaging. The
fluorescence quantum yield (Φf) and lifetime values for these
compounds were also measured in the three solvents
(Table 1), the data for symmetric 1357TM-BDP and Ph-
1357TM-BDP are also included for comparison. All fluores-
cence decays are monoexponential (Fig. 4). Ph-1357TM-
BDP is a symmetric BODIPY compound which is very often
used in literature due to its easy synthesis and good solubility,
its Φf is 0.59 ± 0.04 and τf is 3.75 ± 0.38 ns in the solvents.
Compared to that of Ph-1357TM-BDP, Φf of any other

412 J Fluoresc (2019) 29:407–416
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compound containing no 8-phenyl is significantly higher in
each solvent, and the value is in the range from 0.87 to 1.00
(Table 1). τf for these compounds is alsomuch longer than that
of Ph-1357TM-BDP in each solvent, ranging from 5.83 to
7.40 ns (Table 1). Due to the rotation of 8-phenyl (its mass is
much larger than a methyl and the rotation causes energy loss
of S1), Ph-1357TM-BDP exhibits much lower Φf and τf
values. The lifetime values except that of Ph-1357TM-BDP
are remarkably longer than that of xanthene dyes (4 ns or less
for fluorescein, rhodamine and their derivatives) and phthalo-
cyanines [22, 23].

For each compound, it shows the same solvent effect (Fig.
4): Φf (MeOH) >Φf (n-hexane) >Φf (DCM), τf (MeOH) > τf
(n-hexane) > τf (DCM). Because of the H-bonding (MeO···H···
F···BF), the S1 state of a BODIPY molecule is more stabilized
in methanol, so that the τf and Φf value of a BODIPY com-
pound in methanol is the highest. To confirm the H-bonding
effect, we also measured τf and Φf in ethanol and water for

BDP, and the value is indeed ranked by the H-bonding inten-
sity: Φf (0.98 in water) >Φf (0.96 in methanol) >Φf (0.92 in
ethanol), τf (7.42 ns in water) > τf (7.35 ns in methanol) > τf
(6.98 ns in ethanol).

The Cl atoms in CH2Cl2 have external heavy atom effect
on the S1 state of BODIPY, which quenches the S1 state of a
BODIPY molecule. Therefore τf and Φf value of a BODIPY
compound in DCM shows the smallest value compared to that
in n-hexane and methanol.

Fig. 4 shows how the methyl substitution (number and
position) affects these values in different solvents. The life-
time τf clearly decreases with the increase of methyl numbers,
but Φf change is complicated with the increase of methyl
numbers. Among the unsymmetric compounds, 138TM-
BDP shows the highest Φf but shortest τf in all three solvents,
therefore the largest kf (fluorescence emission constant
kf =Φf/τf). BDP, on the other hand, exhibits the lowest Φf

but longest τf in all three solvents, therefore the smallest kf.
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The trend is that increasing the number of methyl leads to a
higher kf except 3 M-BDP in DCM (Fig. 4 top right) and
symmetric 1357TM-BDP. The nonradiative rate constant
(knr = (1-Φf)/τf) values are also included in Table 1. For each
new compound, knr is much smaller than kf, and the solvent
effect on knr is that knr (in DCM) > knr (in hexane) > knr (in
Methanol). The number of methyl plays more important role
in tuning the Φf and τf values than the position of a methyl.

Singlet Oxygen Detection from NIR
Luminescence and DPBF Chemical Trapping

We then identified singlet oxygen formed by the BODIPYs
using NIR emission technique. Fig. 5 shows the NIR
photoluminescence for these compounds. The emission band
was observed at 1275 nm. The band was disappeared when
oxygen in the solutions was purged by argon gas bubbling.
The NIR spectral shape and peak position are all consistent
with that of singlet oxygen (1Δg) reported. Further more, the
excitation spectrum of 1275 nm band (Fig. 5 top right)
matches its UV-Vis absorption, also indicating that singlet
oxygen is originated from the BODIPYs.

The photosensitized singlet oxygen formation of these com-
pounds was also examined by DPBF (diphenylisobenzofuran)
chemical trapping with light irradiation at 509 nm in air satu-
rated toluene solution of each compound. The green fluorescent
DPBF specifically reacts with singlet oxygen quantitatively
and then decomposes to colorless product. As shown in Fig.

Fig. 5 Top left: NIR luminescence of parent BDP and its methyl
substituted derivatives in air saturated CS2 solutions (excitation at
500 nm, absorbance at 500 nm was all adjusted as 1.0). Top right:
Excitation spectrum of NIR emission of 13DM-BDP (emission was set
as 1275 nm). Bottom Left: The absorption spectra of photosensitized

oxidation of DPBF in the presence of BDP as the photosensitizer (air
saturated toluene as solvent). The irradiation wavelength is 509 nm,
BODIPY concentration is ca. 15 μM, the initial DPBF concentration is
ca. 30 μM. Bottom Right: Chemical kinetic curves of DPBF
decomposition

Table 2 ΦΔ values
CS2 Toluene

BDP 0.15 0.12

3 M-BDP 0.040 0.032

8 M-BDP 0.070 0.20

13DM-BDP 0.12 0.078

38DM-BDP 0.055 0.083

138TM-BDP 0.14 0.067
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5 bottom, the BDP absorption band (500 nm) shows no change
during light irradiation while DPBF absorption (410 nm) is
decreased (Fig. 5 bottom left). When any one of oxygen, light,
and a methyl BDP was absent, the DPBF decomposition did
not occur. This demonstrates that the singlet oxygen is formed
by the photosensitizing process of the BODIPYs.

The change of DPBF absorbance upon time is linear (Fig. 5
bottom right as an example), indicating it is zero order kinetics
for DPBF decomposition, [DPBF]t = [DPBF]0 - kt, in which k
is the reaction constant, t is time in second. According to
Lamber-Beer law, A(t) = ε[DPBF]tl, in which ε is the molar
absorption coefficiency, l is the path length, we then have
A(t) = A(0) - kεlt = A(0) - k’t (k’ is a constant). From the
obtained slope the formation quantum yield of singlet oxygen
(ΦΔ) can be obtained (Table 2). In CS2 and toluene BDP,
13DM-BDP, and 138TM-BDP show remarkable ΦΔ value
up to 0.20. As shown in our previous paper [21], this unex-
pected good ΦΔ values are due to that the excited triplet state
T1 of a methylated BDP formed by two paths: 1) the conven-
tional intersystem crossing from S1 state with a low efficiency;
2) the interaction of molecular oxygen with S1 state of
BODIPY induces both T1 and singlet oxygen formation, from
which one quenched S1 leads to two singlet oxygen formation
(S1 + O2 → T1 + 1O2, then T1 + O2 → S0 + 1O2) [21]. To
confirm the processes, T1 energy (ET) for the BODIPYs was
computed using TD-DFT method with a 6-311G++ basis set.
The calculated ET is in the range from 1.20 to 1.30 eV, while
experimental S1 energy is in the range from 2.41 to 2.52 eV
(Table 1, taking the mid point between absorption and
emission maximum). The energy difference between S1 and
T1 (ΔEST) of a methylated BDP is then in the range 1.11–
1.32 eV, both ΔEST and ET are all larger than the excitation
energy of singlet oxygen (0.97 eV).

Conclusions

Using the facile one pot unsymmetric reaction procedure, we
have synthesized and characterized five methyl substituted
BODIPY compounds, three of them (3 M-BDP, 38DM-
BDP, and 138TM-BDP) are not reported previously. These
compounds show high fluorescence quantum yield, long
fluorescence lifetime, and small Stokes shift. The number
of methyl groups on BDP plays more important role than
the position in determining the fluorescence properties.
Except for 3 M-BDP, the presence of methyl leads to the
blue shift of emission and absorption. The increase in the
number of methyls on BDP core enhances the spectral blue
shift, increases Φf and kf but decreases τf values. H-bonding
solvents lead to the increase in both Φf and τf values. These
compounds also exhibit the ability to photosensitize the gen-
eration of singlet oxygen (1Δg) in some solvents (with quan-
tum yield up to 0.20).

Acknowledgements We thank the financial support from Hebei
Provincial Hundred Talents Plan (Contract E2013100005), Hebei
Provincial Natural Science Foundation (Contract B2014407080).

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Kamkaew A, Lim SH, Lee HB, Kiew LV, Chung LY, Burgess K
(2013) BODIPY dyes in photodynamic therapy. Chem Soc Rev
42(1):77–88

2. Boens N, Leen V, Dehaen W (2012) Fluorescent indicators based
on BODIPY. Chem Soc Rev 41(3):1130–1172

3. Ulrich G, Ziessel R, Harriman A (2008) The chemistry of fluores-
cent bodipy dyes: versatility unsurpassed. Angew Chem Int Ed
47(7):1184–1201

4. Montalti M, Credi A, Prodi L, Gandolfi MT (2006) Handbook of
photochemistry, 3rd edn. Taylor & Francis Group, LLC, Boca Raton

5. Kue CS, Ng SY, Voon SH, Kamkaew A, Chung LY, Kiew
LV, Lee HB (2018) Recent strategies to improve boron
dipyrromethene (BODIPY) for photodynamic cancer therapy:
an updated review. Photochem Photobiol Sci Advance
Article. https://doi.org/10.1039/C1038PP00113H

6. Monika Gupta KP, Mula S, Maity DK, Ray AK (2017) Enhanced
fluorescence of aqueous BODIPY by interaction with cavitand
cucurbit[7]uril. Photochem Photobiol Sci 16:499–506

7. Reynoso E, Quiroga ED, Agazzi ML, Ballatore MB, Bertolotti SG,
Durantini EN (2017) Photodynamic inactivation ofmicroorganisms
sensitized by cationic BODIPY derivatives potentiated by potassi-
um iodide. Photochem Photobiol Sci 16:1524–1536

8. Treibs A, Kreuzer F-H (1968) Difluorboryl-Komplexe von Di- und
Tripyrrylmethenen. Eur J Org Chem 718:208–223

9. Arroyo IJ, Hu R, Merino G, Tang BZ, Peña-Cabrera E (2009) The
smallest and one of the brightest. Efficient preparation and optical
description of the parent Borondipyrromethene system. J Org Chem
74:5719–5722

10. Schmitt A, Hinkeldey B, Wild M, Jung G (2009) Synthesis of the
Core compound of the BODIPY dye class: 4,4′-Difluoro-4-bora-
(3a,4a)-diaza-s-indacene. J Fluoresc 19:755–758

11. Tram K, Yan H, Jenkins HA, Vassiliev S, Bruce D (2009) The
synthesis and crystal structure of unsubstituted 4,4-difluoro-4-bo-
ra-3a,4a-diaza-s-indacene (BODIPY). Dyes Pigments 82:392–395

12. Loudet A, Burgess K (2010) BODIPY Dyes and Their Derivatives:
Syntheses and spectroscopic properties. In: Kadish K (ed)
Handbook of porphyrin science with applications to chemistry,
physics, materials science, engineering, biology and medicine, vol
8. World Scientific, Singapore, pp 1–164

13. Palao E, Agarrabeitia AR, Bañuelos-Prieto J, Lopez TA, Ii L-A,
Armesto D, Ortiz MJ (2013) 8-functionalization of alkyl-
Substituted-3,8-dimethyl BODIPYs by Knoevenagel condensation.
Org Lett 15(17):4454–4457

14. Palao E, Sdl M, Agarrabeitia AR, Esnal I, Bañuelos J, López-
Arbeloa Í, Ortiz MJ (2014) Selective lateral Lithiation of methyl
BODIPYs: synthesis, Photophysics, and electrochemistry of new
Meso Derivatives. Org Lett 16(17):4364–4367

15. Palao-Utiel E, Montalvillo-Jiménez L, Esnal I, Prieto-Montero R,
Agarrabeitia AR, García-Moreno I, Bañuelos J, Ii L-A, SdlM, Ortiz
MJ (2017) Controlling Vilsmeier-Haack processes in meso -
methylBODIPYs: a new way to modulate finely photophysical
properties in boron dipyrromethenes. Dyes Pigments 141:286–298

16. Zhang X-F, Yang X, Xu B (2017) PET-based BisBODIPY photo-
sensitizers for highly efficient excited triplet state and singlet

J Fluoresc (2019) 29:407–416 415

https://doi.org/10.1039/C1038PP00113H


oxygen generation: tuning photosensitizing ability by the dihedral
angles. Phys Chem Chem Phys 19(36):24792–24804

17. Zhang X-F, Yang X (2013) Singlet oxygen generation and triplet
excited state spectra of brominated BODIPY. J Phys Chem B
117(18):5533–5539

18. Zhang X-F, Yang X (2013) Photosensitizer that selectively gener-
ates singlet oxygen in nonpolar environments: Photophysical mech-
anism and efficiency for a covalent BODIPY dimer. J Phys ChemB
117(30):9050–9055

19. Zhang X-F, Feng N (2017) PET-based halogen-free photosensi-
tizers: covalent meso-aryl as electron donors to effectively induce
the formation of excited triplet state and singlet oxygen for
BODIPY compounds. Chem Asian J 12:2447–2456

20. Zhang X-F (2017) BisBODIPY as PCT-based halogen free photo-
sensitizers for highly efficient excited triplet state and singlet oxy-
gen formation: tuning the efficiency by different linking positions.
Dyes Pigments 146:491–501

21. Zhang X-F, Zhu J (2019) BODIPYparent compound: fluorescence,
singlet oxygen formation and properties revealed by DFT calcula-
tions. J Lumin 205:148–157

22. Zhang X-F, Zhang Y, Liu L (2014) Fluorescence lifetimes and
quantum yields of ten rhodamine derivatives: structural effect on
emission mechanism in different solvents. J Lumin 145:448–453

23. Zhang X-F, Zhang J, Liu L (2014) Fluorescence properties of twen-
ty fluorescein Derivatives: lifetime, quantum yield, absorption and
emission spectra. J Fluoresc 24:819–826

24. Kubheka G, Sanusi K, Mack J, Nyokong T (2018) Optical limiting
properties of 3,5-dipyrenylvinyleneBODIPY dyes at 532nm.
Spectrochim Acta A 191:357–364

25. Gómez-Durán CFA, García-Moreno I, Costela A, Martin V, Sastre
R, Bañuelos J, Arbeloa FL, Arbeloa IL, Peña-Cabrera E (2010) 8-
PropargylaminoBODIPY: unprecedented blue-emitting
pyrromethene dye. Synthesis, photophysics and laser properties.
Chem Commun 46:5103–5105

416 J Fluoresc (2019) 29:407–416


	Methylated Unsymmetric BODIPY Compounds: Synthesis, High Fluorescence Quantum Yield and Long Fluorescence Time
	Abstract
	Introduction
	Experimental
	Materials and Instruments
	Synthesis
	Sample Solution Preparation for Measurements
	Methods for Spectral Measurements and Data Processing

	Computational Simulation
	Results and Discussion
	Synthesis
	The Absorption, Fluorescence Properties and the Effect of Methyl Substitution

	Effects of Methyl Substitution on Fluorescence Quantum Yield and Lifetime Values
	Singlet Oxygen Detection from NIR Luminescence and DPBF Chemical Trapping
	Conclusions
	References


