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Abstract The structural, electronic and photophysical
properties of three new asymmetric, highly fluorescent
difluoroborondipyrromethene (BODIPY) dyes, bearing an
amino or an acetamido group at position 3 of the
chromophoric core, have been studied in different apolar,
polar and polar/protic solvents. The presence of the 3-
amido group extents the delocalization of the w-system,
leading to bathochromic shifts in the absorption and
fluorescence bands, as predicted by quantum mechanic
calculations. The 3-amino dye shows photophysical prop-
erties highly dependent on the solvent polarity and acidity,
and is characterized by a hypsochromic shift of its
absorption band, with regard to the corresponding acetylated
dye, as well as a low fluorescence quantum yield in acid
media with proton concentration lower than 4x10™* M. In
media with higher proton concentration, the BF, bridge
group of the 3-amino dye is removed, yielding the
corresponding non-fluorescent dipyrromethene precursor.
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These results suggest that the 3-amino dye could be used
as a fluorescence probe for the study of the acidity of dif-
ferent environments.

Keywords Photophysics - BODIPY dyes -
Substituent effect - Solvent effect - Fluorescent acid probe

Introduction

Borondipyrromethene dyes (BODIPY dyes) show interest-
ing photophysical and lasing properties [1-8]. In general,
they present strong absorption and fluorescence bands in
the visible region and high fluorescence quantum yields, in
many cases close to the unity, depending on their structure
and the environmental conditions [8]. BODIPY dyes have
been also used as active media for tunable dye lasers with
high energy conversion outputs. These high laser efficiencies
are mainly due to a high radiative deactivation probability, a
low non-radiative deactivation rate constant, a low triplet—
triplet absorption and a high photostability [9—12]. BODIPY
dyes have been also widely applied as fluorescent sensors
and probes to study biological systems containing lipids,
nucleic acids or proteins [13—15], as well as light harvesting
arrays to develop antenna systems [16-19].

In previous works, it has been demonstrated that the
photophysical properties of the BODIPY dyes can be
modulated to some extent by the incorporation of suitable
substituents in the chromophoric core of these dyes [20—
24]. In this sense, theoretical simulations are powerful
tools to predict the photophysical behavior of new analogs
and to guide the synthesis of new molecular structures
with specific physicochemical properties [25, 26]. For
instance, the incorporation of electron-donor or electron-
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withdrawing substituents can induce the formation of
intra- or inter-molecular charge transfer complexes, making
the photophysical properties of the dyes strongly sensitive to
environmental factors. These are fundamental aspects for the
applications of BODIPY dyes as molecular probes [27-29].

In the present work, the photophysical properties of three
new BODIPY dyes, bearing a 3-amino (dye la) or 3-
acetamido (dyes 2a and 2b) group at position 3 (Scheme 1),
have been studied in liquid solution. These asymmetric
dyes were synthesized by a non-conventional route de-
scribed elsewhere [30]. The photophysical properties of
these dyes have been studied in six representative solvents,
ranging from apolar (cyclohexane) to polar (acetone and
ethyl acetate) and polar/protic (ethanol, methanol and 2,2,2-
trifluoroethanol) solvents. The effects of other factors, such
as the dye concentration and the medium acidity, have been
also considered. The photophysical study has been com-
plemented with quantum mechanic calculations in which
the geometry, electronic distribution and spectral properties
of these dyes have been analyzed.

Experimental

The synthesis and structural elucidation of the dyes have
been previously described [30]. All solvents were of
spectroscopic grade (Merck, Aldrich) and were used
without further purification. Dye solutions of different
concentrations were prepared from a stock solution (1.5x
10 M) of the corresponding dye in acetone, after vacuum
evaporation of the solvent and adequate dissolution of the
residue. Diluted dye solutions in ethanol were acidified or
basified by adding adequate drops of HCl 7 M in ethanol
(prepared by bubbling HCl gas through ethanol up to
saturation) and NaOH 1 M in the same solvent, respectively.

UV-Vis absorption and fluorescence spectra were
recorded on a Varian Cary 4E spectrophotometer and on a
SPEX Fluorolog 3-22 spectrofluorimeter, respectively,
using quartz cells of different optical pathlengths (from 1
to 0.001 cm), depending on the dye concentration. Fluores-
cence spectra were corrected from the emission monochro-

Ry Ro
ia| Et H
2a | Et Ac
2b |1Bu Ac

Scheme 1 Molecular structure of the dyes la, 2a and 2b
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mator wavelength dependence and the photomultiplier
sensibility. The fluorescence spectra of diluted samples were
registered in the right-angle configuration, while the front-
face mode was applied for solutions with high optical
densities to minimize reabsorption and reemission phenom-
ena. In the last case, the sample was oriented 0° and 22.5°
with respect to the excitation and emission beams, respec-
tively. Fluorescence quantum yields (®) were evaluated
using reference samples emitting at the same spectral region:
a diluted solution of PM567 in methanol (¢,=0.91) [31] for
the 3-amino dye la (excitation at 490 nm) and a diluted
solution of PM605 in ethanol (©,=0.65) [20] for the 3-
acetamido dyes 2a and 2b (excitation at 510 nm).

Radiative decay curves were registered with the time
corelated single-photon counting technique (Edinburgh
Instruments, FL920). Emission was monitored at the
maximal emission wavelength, exciting at 410 nm by
means of a diode laser (PicoQuant, LDH410) with 150 ps
FWHM pulses, 10 MHz repetition rate and a power supply
of 0.65 mW. The fluorescence decay curves, deconvoluted
from the instrument response function detected by a Ludox
scatter suspension, were generally analyzed as monoexpo-
nentials [statistical parameters: chi-square x*<1.2 and
Durbin—Watson (D.W.) >1.75], except in specified cases,
from which the fluorescence lifetime (7) was obtained. The
experimental errors in the determination of ¢ and 7 values
were estimated to be 5% and 1%, respectively.

HPLC analysis of the HCl-induced change 2a—3a was
carried out at room temperature in a diode-array Agilent
1100 apparatus equipped with a C18 (5 pm) reverse phase
column, 4.6x150 mm, with acetonitrile—water 9:1 v/v as
eluent at a flow rate of 2 ml min_'. Under these conditions,
the retention times were 1.36 min (2a, AL, 490 nm) and
0.86 min (3a, Apax 460 nm).

Quantum mechanic calculations were carried out using
the Gaussian 03 software [32]. The ground state geometry
was optimized by the Density Functional Theory (DFT)
using the hybrid B3LYP method and the double valence (6—
31G) basis set. The first excited state was optimized with the
Configuration Interaction Singles (CIS) method with the
same basis set. The absorption and fluorescence energy gaps
were estimated by the Sp—S; Franck—Condon transition from
the optimized geometry at the ground (Sy) and first excited
singlet (S;) states, respectively, using the Time-Dependent
(TD-B3LYP) method. The solvent effect was simulated by
means of the Polarizable Continuum Model (PCM).

Results and discussion

Figure 1 shows the absorption and fluorescence spectra and
the decay curves of diluted solutions of the dyes 1a and 2a
in cyclohexane. The presence of the 3-acetamido group in
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2a induces a bathochromic shift of ca. 20 nm in the
absorption and fluorescence spectral bands, with respect to
those of la (Table 1). Dye la presents absorption and
fluorescence bands in positions close to those of the model
dye PM567, the symmetric commercial laser dye with alkyl
substituents [8]. The shape of these spectral bands is similar
to those of other described alkyl-BODIPY dyes [8], and,
consequently, it can be deduced that the presence of a 3-
amino or a 3-acetamido group in the BODIPY chromo-
phoric core does not significantly alter the photophysics of
BODIPY dyes, at least, in non-polar media.

The spectral shifts are theoretically predicted by quan-
tum mechanic calculations. Indeed, the So—S; energy gap in
both absorption and emission transitions of the 3-amino dye
la is displaced around 0.10 eV at higher energies with
respect to those of the 3-acetamido dye 2a. These results
confirm previous conclusions, in the sense that the TD-
B3LYP method is a valid tool to simulate the spectral bands
of BODIPY dyes and to simulate molecular structures of
similar dyes with specified absorption and fluorescence
bands [25, 26]. The bathochromic shift of 2a can be
ascribed to an augmentation in the delocalization of the
electronic 7-system of the BODIPY core, which is
extended through the 3-acetamido group. Indeed, the
contour maps of the HOMO and LUMO states (Fig. 2),
reveal an extended delocalization of the electronic 7-system
to the amide substituent, explaining the observed bath-
ochromic shift.

The Syp—S; transition probability, described by the oscil-
lator strength (f) in absorption and by the radiative rate
constant (kp) in fluorescence, does not show any clear
evolution with the substituent (Table 1). The experimental 1’
value is lower for la, whereas the opposite behavior is
observed in the experimental &y value. This last evolution is
predicted by theoretical kyy data, although similar theoretical f
values are also proposed. Anyway, dye la has a higher non-
radiative deactivation probability, which reduces its experi-
mental fluorescence quantum yield and lifetime (Table 1).

On the other hand, the presence of tert-butyl groups at
positions 1 and 6 in the 3-acetamido dye 2b increases the

Residuals

T
600 650

4.1
-4.1

absorption (¢ and f) and fluorescence (kg) transition
probability (Table 1), with regard to the presence of ethyl
groups in 2a. This effect could be ascribed to the higher
inductive effect of the tert-butyl substituent. Theoretical
calculations also show this tendency (Table 1). The higher
kg value and the lower k,, value of the dye 2b with respect
to 2a induce a higher fluorescent ability in 2b (Table 1).
In a previous work, it has been demonstrated that in the
commercial PM597 dye the presence of bulky zert-butyl
groups at positions 2 and 6 induces an important decrease
in the @ value due to an increase in non-radiative deacti-
vation probability [33]. This increase in internal conversion
processes has been ascribed to a distortion from the
planarity in the S; state induced by a sterical hindrance of

Table 1 Experimental and theoretical photophysical properties of the
3-amino dye la and the 3-acetamido dyes 2a and 2b in cyclohexane

Properties la 2a 2b
Experimental
Aap (011 525.6 5452 544.8
An (nm) 532.4 553.3 553.7
Avg (em™) 245 265 295
Emax (10 M T cm™) 5.6 8.4 10.2
f 0.37 0.40 0.55
& 0.64 0.68 0.82
7 (ns) 4.06 5.44 5.62
kn (108571 1.57 1.25 1.45
ko (108 571 0.88 0.59 0.32
Theoretical
AEy, (eV) 2.81 2.70 2.68
AEq (eV) 2.76 2.68 2.67
Avg (em™) 340 100 105
i 0.74 0.70 0.72
kn (108871 2.52 2.18 2.20

Absorption (A\gp) and fluorescence (Ag) wavelengths, absorption
(AE,s) and fluorescence (AFEgn,) S¢S, energy gaps, Stokes shift
(Avg,), molar absorption coefficient (&,.y), oscillator strength (f),
fluorescence quantum yield () and lifetime (7), and radiative (k) and
non-radiative (k,,) rate constants
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Fig. 2 HOMO and LUMO
electronic density of the dyes —
la and 2a calculated by the
B3LYP/6-31G method

HOMO

the fert-butyl substituents with the adjacent methyl groups,
as suggested by quantum mechanic calculations. However,
in the case of the dye 2b such an effect must be much lower
because the absence of substituent at the adjacent 8 position
must allow the steric accommodation of the fers-butyl
group at position 1, without altering the planarity of the
rings of the aromatic chromophore. This is an important
fact, because rigid and planar structures imply lower k;;
values and, hence, more fluorescent systems [34].

The photophysical properties of the dyes have been regis-
tered in six representative solvents, including apolar, polar
and protic solvents (Table 2). The spectral bands are hypso-
chromically shifted, as confirmed by theoretical calculations,
and the fluorescence lifetime increases with the increase of
the solvent polarity. This is a general behavior in BODIPY
dyes [8]. However, the fluorescence quantum yield of the
three studied dyes is nearly solvent independent.

Anyway, the most striking feature of the solvent effect is
the drastic change in the shape of the absorption band in polar/
protic media, mainly for the dye 1a (Fig. 3). The shape of its
absorption band in cyclohexane reminds that of other alkyl
substituted dyes of the same family, with a well-defined
vibrational structure. By increasing the solvent polarity, the
absorption band becomes broader and less intense, losing
its vibrational structure. Thus, in polar/protic solvents the
band is very wide and appears strongly shifted to higher
energies. However, the fluorescence band reminds that
of other BODIPY dyes (Fig. 3), with a large Stokes shift

@ Springer

HOMO

(1,150 cm ™" for dye la in methanol). Besides, the € value at
the absorption maximum strongly decreases with the solvent
polarity, but this decrease is compensated by the broadening
of the band, leading to an oscillator strength (area under the
absorption curve) nearly solvent independent (Table 2).

It has been previously observed a broadening of the
absorption band in 8-p-phenylene-BODIPY dyes in polar
solvents, with regard to non-polar ones [6]. This change has
been assigned to the overlapping of the Sy—S, absorption
band with the low-lying So—S; band. This Sy—S, transition
has a charge transfer nature and is shifted to lower energies
by increasing the solvent polarity, in such a way that in
polar/protic solvents this absorption band completely over-
laps with the So—S; absorption band. In this sense, it has
been also observed a weak emission band at lower energies
for an 8-aniline-BODIPY dye [35]. This emission has been
ascribed to the fluorescence from an excited charge transfer
state between the aniline group and the BODIPY core.
According to these interpretations, charge transfer states
should be also possible in the dyes herein studied between
the 3-amino or 3-acetamido group and the electronic -
system of the chromophore core. This charge transfer state,
which explains the observed broadening of the absorption
band, should be non fluorescent, since the shape of the
fluorescence band of these dyes is solvent independent
(Fig. 3).

The charge transfer state should be affected by specific
interactions between the 3-amino or 3-acetamido groups
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Fig. 4 Absorption (a) and fluo-
rescence (b, scaled to the ¢
value) spectra of the dye 2a in
2x107® M solutions in acid and
basic ethanol: a« [OH ]=3x
1073 M; b [OH ]=2%107° M; ¢
[OH ]=7x10"° M; d [H"]=3x
108 M; e [H']=3x10° M; f
[H']=4x107° M; g [H]=4x
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absorbance at the vibronic shoulder increases in detriment of
the main absorption band, and at [H'] values higher than
2x107 M a new hypsochromic band appears at 460 nm
(Fig. 5a, curves h-1). These changes correlates with the
modifications observed in the shape of the absorption band
of la in 2,2 2-trifluoroethanol, where the absorption band is
hypsochromically shifted and becomes broader (Fig. 3,
curve c).

The shape and position of the fluorescent band, as well as
the fluorescence quantum yield, of the dye la remind
unaltered in basic media and at moderated acid environments
(Fig. 5b, curves a—g). In high acidity media, [H] >2x107°
M, and after excitation at the new absorption band centered
at 460 nm, the fluorescence band becomes very broad and
its intensity drastically decreases (Fig. 5b, curves h-l).
Consequently, the excitation at this absorption band in these
acid media is characterized by a very low or null
fluorescence quantum yield (©<0.1), corresponding to the
appearance of the non-fluorescent compound 3a, as is
discussed below. The fluorescence decay curves cannot be
further analyzed as monoexponential, and it is needed to
consider up to three exponentials.

The acidity effect in the photophysics of la does not
show the typical acid—base equilibrium between two
molecular forms, since a return to neutral solutions did
not reach the expected absorption and fluorescence bands.
Moreover, the appearance of the hypsochromic absorption
band, observed in acid solutions immediately after sample

wavelength (nm)

preparation, is also observed in aged solutions with
moderated H' concentrations. All these results support the
previously described degradation of la in acid media,
giving rise to the corresponding dipyrromethene precursor
3a through the loss of the BF, unit (Scheme 2) [30]. This
process should take place via the protonation of the NH,
group in la, much easier in this dye than in 2a. This
reaction (Scheme 2), previously observed through the
isolation and analysis of the product 3a [30], is now
confirmed by HPLC analysis. This reaction must be
favored in the amine-BODIPY dye 1la since the N atom is
more basic in this derivative than in 2a. The loss of the BF,
bridge disrupts the chromophoric 7-system, leading to a
decrease of the aromaticity of the system and to a new
absorption band at higher energies. Besides, the two pyrrole
units in 3a could rotate in the excited state around the bonds
connecting them [39] and, consequently, the compound is
not fluorescent. Moreover, 3a must present a strong
intramolecular hydrogen bond between the two nitrogen
atoms in both possible proton-tautomeric structures
(Scheme 2), and the proton transference in the excited state
cannot be discarded. These processes could give rise to an
extra loss of the excitation energy and, hence, to a further
decrease of the fluorescent ability of 3a. In addition, the
NH, substituent could also acts as a proton donor group,
increasing in this way the intramolecular proton transfer
probability. All these phenomena can explain the poor
fluorescent ability of 3a.

Fig. 5 Absorption (a) and fluo-
rescence (b, scaled to the @
value) spectra of the dye la in
2x107% M solutions in acid and
basic ethanol: @ [OH ]=3x 0,06+
107 M; b [OH ]=2%x107° M; ¢
[OH 1=7x10° M; d [H"]=3x
108 M; e [H']=3x10° M; f
[H'=4x107° M; g [H]=4x

0,08

absorbance
(=]
[=)
+

[=2)

IS
L

fluorescence intensity (10° cps)

1074 M; A [H=2x107 M; i 0,02

[H=7x1073 M; j [H]=3x

1072 M; k [H']=5%x1072 M; 0.00 , , , 0 . . .
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Scheme 2 Generation of the
dipirromethene compound 3a
from the dye 2a

Quantum mechanic calculations of 3a also predict a
hypsochromic shift of the absorption band of about 20 nm.
The conformational flexibility of this compound can be
studied from the potential energy curve for the compound
without substituents (Fig. 6), and considering the rotation
around the connecting single bond. The most stable
conformation has the two pyrol units coplanar, in the so-
called Z-syn form (dihedral angle 0°, Fig. 6), likely
stabilized by an NH...N intramolecular H-bond. The Z-
anti conformation (dihedral angle 180°, Fig. 6), where this
bond cannot be formed, must be less stable. The Z-syn form
has an extra stabilization of 8.3 kcal mol ' with respect to
the Z-anti conformation. The energy barrier for the change
Z-syn—Z-anti transition is 22.7 kcal mol™'. This relatively
high-energy barrier should be a consequence of the single/
double bond character of the methene bridge group linking
the two pyrrol moieties, owing to the two extreme
tautomeric structures of this system (Scheme 2). A detailed
conformational study of dipyrromethene systems has been
published elsewhere [39]. Our results suggest the important
role of the BF, bridge to achieve a rigid structure and,
hence, highly fluorescent systems.

Taking into account the observed laser behavior of these
dyes [30], it can be established a nice correlation between
the fluorescence properties and the lasing characteristics of
the 3-acetamido dyes 2a and 2b. Indeed, both the emission
and lasing bands are hypsochromically shifted with the
solvent polarity, and the emission and lasing efficiencies are
nearly solvent independent. However, dye 1a does not lase,
in spite of having similar fluorescence quantum yield. The
photophysical properties registered at 10> M, a concentra-
tion of the same order as that employed to observe the
lasing action, showed non-remarkable changes (i.e., ab-
sence of dye-aggregation), apart from those induced in the
fluorescence properties arising from the reabsorption and
reemission phenomena [40]. Once these effects were
corrected, the photophysical properties were similar to
those recorded in more diluted solutions. Therefore, for
the moment we have not a plausible explanation for the
absence of laser emission in la. Further work is in progress
in order to find this explanation.

From the above discussion, it can be concluded that the
broadening of the absorption band observed mainly for the
3-amino dye la in 2,2,2-trifluoroethanol should be assigned
to the high acidity of this solvent. Indeed, the broad

H

NH»
3a

absorption bands recorded for the same dye in this solvent
(Fig. 3, curve c) reminds those observed in acidic ethanol
solutions (Fig. 4, curves of solutions with [H'] in the range
107 to 10* M). Both, the hypsochromic shift of the
absorption band and, mainly, the drastic loss of the fluo-
rescence of la in acid media allows determining the acidity
of the surrounding environment by the photophysical be-
havior of this dye.

Conclusions

The presence of a 3-amino or 3-acetamido substituent in the
BODIPY core in the dyes 1a, 2a, and 2b induces important
changes in their photophysical properties in polar/protic
media, with regard to the presence of alkyl groups. The
acetamido group in 2a and 2b leads to an extended -
system and, hence, to a bathochromic shift of the spectral
bands, with efficient fluorescence and lasing emission. On
the other hand, in acid media the absorption band of the 3-
amino dye la shifts to higher energies and becomes
broader. In high acidity media, the BODIPY system of the
three dyes loses its BF, linking unit, giving rise to the
corresponding non-fluorescent dipyrromethene compounds.
In the particular case of la, the dependence of its photo-
physics on the solvent acidity could allow the use of this
molecule as a fluorescent sensor of environmental acidity.

-2868204 -

14.4
2868304 |22.7

286840 <T Y7 |83

potential energy (kcal mol'l)

-286850 T T T T T T T T T T T T T T T
0 20 40 60 8 100 120 140 160 180
twisting dihedral angle (°)

Fig. 6 Conformational potential energy curve of the dipyrromethene
core calculated by the B3LYP/6-31G method
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