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Insight into the Electronic and Conformational Tuning Modes

of BODIPY Fluorophores
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Introduction

Boron–dipyrromethene dyes (Scheme 1), also known as
BDP or BODIPY dyes, are a class of widely used fluoro-

Abstract: A new series of boron–dipyr-
romethene (BDP, BODIPY) dyes with
dihydronaphthalene units fused to the
b-pyrrole positions (1 a–d, 2) has been
synthesised and spectroscopically inves-
tigated. All the dyes, except pH-re-
sponsive 1 d in polar solvents, display
intense emission between 550–700 nm.
Compounds 1 a and 1 b with a hydro-
gen atom and a methyl group in the
meso position of the BODIPY core
show spectroscopic properties that are
similar to those of rhodamine 101, thus
rendering them potent alternatives to
the positively charged rhodamine dyes
as stains and labels for less polar envi-
ronments or for the dyeing of latex
beads. Compound 1 d, which carries an
electron-donating 4-(dimethylamino)-

phenyl group in the meso position,
shows dual fluorescence in solvents
more polar than dibutyl ether and can
act as a pH-responsive “light-up”
probe for acidic pH. Correlation of the
pKa data of 1 d and several other meso-
(4-dimethylanilino)-substituted
BODIPY derivatives allowed us to
draw conclusions on the influence of
steric crowding at the meso position on
the acidity of the aniline nitrogen
atom. Preparation and investigation of
2, which carries a nitrogen instead of a
carbon as the meso-bridgehead atom,

suggests that the rules of colour tuning
of BODIPYs as established so far have
to be reassessed; for all the reported
couples of meso-C- and meso-N-substi-
tuted BODIPYs, the exchange leads to
pronounced redshifts of the spectra
and reduced fluorescence quantum
yields. For 2, when compared with 1 a,
the opposite is found: negligible spec-
tral shifts and enhanced fluorescence.
Additional X-ray crystallographic anal-
ysis of 1 a and quantum chemical mod-
elling of the title and related com-
pounds employing density functional
theory granted further insight into the
features of such sterically crowded
chromophores.
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Scheme 1. Skeleton structures of selected popular chromophores for opti-
cal applications in bio-, materials and analytical chemistry; for BODIPYs,
the 8-position of the dipyrrin core corresponds to the meso position; for
cyanines, commonly n=0, 1, 2 and X=C ACHTUNGTRENNUNG(CH3)2, O, S.
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phores.[1–6] They became very popular as laser dyes, fluores-
cent stains and labels in fluorescence imaging and as indica-
tor dyes in sensory applications. Today, at least as judged by
the rapidly growing number of reports,[7] their popularity is
still growing, presumably because of their advantageous
spectroscopic properties and considerably high photostabili-
ty. BODIPYs are also frequent building blocks in molecular
optoelectronic devices, energy-transfer cascades or multi-
mode switches.[8–13] The literature on syntheses of new BOD-
IPYs and their properties is
abundant. Simple, alkyl-substi-
tuted dipyrrin BODIPYs, how-
ever, display absorption and
emission bands with maxima
only in the region of 480–
540 nm so that today considera-
ble effort is being made to shift
the optical properties to the
red.[5,14–18] Several strategies
have been reported to be suc-
cessful such as the introduction
of aryl substituents in the 3,5-
and/or 1,7-positions of the
BODIPY core (like in com-
pounds 4,[19] 5,[20] 6,[21] 7,[22] 8[23]

and 9 ;[24] Scheme 2) or electron
acceptors in the meso posi-
tion,[25–27] aromatic ring
fusion,[28–30] extension of the
electronic p system by styryl
substitution[31–38] or aza-substitu-
tion of the meso-carbon atom
(like in compounds 7 and 9 ;
Scheme 2).

BODIPY dyes can be seen as
rigid, cross-conjugated cyanines,
and the majority of BODIPYs
have been developed to com-
plement or substitute classical
fluorophores such as fluores-
ceins and rhodamines, which
fluoresce in the visible range.
The BODIPY core principally
combines the advantageous
properties of cyanines such as
high molar absorption coeffi-
cients (el) and narrow band
shapes with high fluorescence
yields, typically Ff>50 %. In
addition to an increased bright-
ness, the product el �Ff, the dif-
ference to most cyanines is that
cyanines are normally less
photo- and chemically stable.
Moreover, compared with the
positively charged cyanine and
rhodamine dyes and the nega-

tively charged fluoresceins,[39] BODIPYs are zwitterionic
molecules (Scheme 1), thereby rendering them ideally suit-
able for a broad range of solvents and environments (e.g.,
sensor matrices) of different polarity and pH. In addition,
most BODIPYs are sufficiently water soluble at concentra-
tions relevant for biochemical or analytical applications. The
higher lipophilicity of the BODIPYs makes them ideal can-
didates for the dyeing of polymer particles and for the study
of less polar environments.[21,30, 40–43]

Scheme 2. Chemical structures of BODIPY dyes from the literature discussed here.
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Besides favourable spectroscopic performance and solu-
bility properties, the versatility of the BODIPY core with
respect to functionalisation contributes especially to the
popularity of the dyes. A comparison of the parent
BODIPY skeleton in Scheme 1 with the selection of dyes
shown in Scheme 2 shows that all seven of the numbered
carbon atoms of the dipyrrin core are readily accessible to
the introduction of substituents. Furthermore, the exchange
of the two fluorine atoms at the boron centre is also possi-
ble, thus opening up even more routes to the chemical func-
tionalisation of these dyes.[44] Concerning the development
of functional, that is, addressable and analyte-responsive
BODIPY dyes, the introduction of a substituent at the meso
position is synthetically the most obvious and usually least
demanding strategy and often results in compounds that
show optimum performance with respect to fluorescence
switching, at least when BODIPY core and meso group are
perpendicularly oriented, that is, electronically virtually de-
coupled.[45,46] On the other hand, the simplest way to obtain
BODIPYs with emission in the red-visible or near infrared
(NIR) region of the spectrum is the condensation of 4-
donor-substituted benzaldehydes to the active methyl
groups located at the 3,5-positions of the BODIPY
core.[31,35,47–49] The following rules of thumb for bathochro-
mic displacement along this route can be derived from the
data in Scheme 2 with tetramethyl-BODIPY 3 a serving as
the reference for the parent dipyrrin chromophore:[50]

1) Introduction of two phenyl groups at the 3,5-positions
entails a shift of approximately 50 nm (3 a!4).

2) Introduction of two styryl groups at the 3,5-positions en-
tails a shift of approximately 100 nm (3 a!10 a).

3) Introduction of two 4-dimethylaminostyryl groups at the
3,5-positions entails a shift of approximately 200 nm
(3 a!11).

Alternatively, the other strategies apparent from Scheme 2
lead to the following shifts:

1) Introduction of two phenyl groups at the 1,7-positions
entails a shift of approximately 10 nm (4!6).

2) Rigidisation of two 3,5-phenyl groups, which is equiva-
lent to the fusion of two dihydronaphthalene groups to
the core, entails a shift of approximately 100 nm, along
with a beneficial increase in Ff (4!5 a).

3) Exchange of the meso-carbon atom for a nitrogen atom
entails a shift of approximately 100 nm (6!7 and 8!9).

In taking into account these colour rules, one arrives at
the conclusion that for a BODIPY dye that has the meso
position still available for further functionalisation with an
addressable unit, the introduction of styryl groups to the
3,5-positions and a rigidisation of additionally appended
phenyl rings at the 1,7-position might finally yield potent
NIR chromophores. With procedures for 3,5-BODIPY func-
tionalisation being well established, even for ring-fused
BODIPYs,[35] the key task toward such compounds is the in-

troduction of bridged phenyl groups in the 1,7-position, that
is, the fusion of dihydronaphthalene groups (with their 1,2-
positions) to the 1,2- and 6,7-positions of the BODIPY core.
Based on our experience in the synthesis of ring-fused
BODIPYs,[29, 30] we embarked on the synthesis and present
here the preparation and spectroscopic properties of the
newly designed dihydronaphthalene-appended BODIPY
dyes 1 a–d and 2 (Scheme 3). Since the dihydrobenzo[e]-

isoindole moieties in 1 and 2 lead to pronounced steric
crowding at the meso position, we deliberately varied the
nature of the substituent at the meso position from less de-
manding (H in 1 a) through moderately (CH3 in 1 b) to
strongly demanding (phenyl in 1 c,d) as well as the nature of
the meso atom itself (from C in 1 to N in 2) to get a better
understanding of the tuning modes of BODIPY dyes. Syn-
thesis of the pH-sensitive dye 1 d was conducted to study
the influence of the novel BODIPY framework on an ad-
dressable meso group.

Results and Discussion

Synthesis : The corresponding BODIPY derivatives 1 a–d
and 2 were prepared as shown in Scheme 4. Compound 1 a
was obtained as a byproduct in the reaction to both the pre-
cursors of 1 c and 1 d. The precursor of 1 c was obtained by
condensation of compound I[51] and benzaldehyde in the
presence of trifluoroacetic acid (TFA). Then, 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) was added. The pre-
cursor of 1 d was prepared in the same way from 4-(dime-
thylamino)benzaldehyde. The precursor of 1 b was prepared
by condensation of I with acetyl chloride. Finally, for the
precursor of 2, I was reacted with NaNO2 in a mixture of
AcOH/Ac2O. To obtain the final BODIPY dyes, the boron
difluoride bridge was subsequently introduced in all cases
by treatment of the corresponding dipyrrin derivatives with
boron trifluoride diethyl etherate (BF3·Et2O) in the pres-
ence of triethylamine (TEA) to yield compounds 1 a–d and
2, which were purified by column chromatography on silica
gel and further recrystallisation in chloroform/methanol
mixtures.

Crystal structure of 1 a : Although a transfer of structural
properties from the solid state to solution can serve only as

Scheme 3. Chemical structures of the boron dihydrobenzo[e]isoindole or
dihydronaphthalene-BODIPY dyes.
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a first approximation, especially for conformationally highly
constrained compounds such as the title dyes, X-ray crystal
structures are very valuable in fostering an understanding of
the results found by other methods. Despite various at-
tempts, however, single crystals suitable for X-ray structural
analysis could only be obtained for 1 a by slow diffusion of
hexane into a solution of the compound in dichloromethane.
The cell parameters and refinement details for 1 a are sum-
marised in Table S1 in the Supporting Information. Figure 1
shows that the indacene plane of 1 a is almost planar with
the average deviation of the ring atoms amounting to
0.0135 �, which is similar to the classic BODIPY deriva-
tives.[19,29,52–60] The bond lengths and angles of the indacene
ring system are also close to the values of previously report-
ed BODIPY compounds. The molecules are packed parallel

to each other with alternating
tail-to-tail orientation along the
crystallographic a axis
(Figure 2). Therefore, no p–p

stacking interactions can be ob-
served. However, it is very in-
teresting to note that the neigh-
bouring BODIPY molecules
are linked through intermolecu-
lar hydrogen bonds (C�H···F =

2.508 �) between the BF2 and
H atoms of the dihydronaph-
thalene ring to form a zigzag
chain along the c axis
(Figure 3).

Absorption and fluorescence
spectroscopy: To obtain de-
tailed information on the effect
of conformationally locked
phenyl substitution at the 1,7-

positions on the photophysical characteristics of the title
dyes, 1 a–d and 2 have been investigated by absorption as
well as steady-state and time-resolved fluorescence spectros-
copy in a variety of solvents that span the polarity range
from hexane to methanol. The absorption (labs) and emis-
sion maxima (lem), bandwidths at half-maximum height
(fwhm), Stokes shifts (D~nabs�em), fluorescence quantum
yields (Ff) and lifetimes (tf) along with radiative and non-
radiative constants (kr and knr) derived from the experimen-
tal data are included in Table 1. Figure 4 contains represen-
tative absorption and emission spectra for 1 a–c and 2 in di-
butyl ether, and for 1 d the corresponding spectra in a series
of solvents of different polarity are shown in Figure 5.

meso-Carbon derivatives 1 a–d : The absorption maxima of
compounds 1 a, 1 b and 1 d are centred at approximately

Scheme 4. Synthetic routes to compounds 1 a–d and 2.

Figure 1. Crystal structure of 1 a with 30% probability thermal ellipsoids
(top: perspective view; bottom: side view along the B(1)�C(1) axis). Se-
lected bond lengths [�] and bond angles [8]: B1�F1 1.367(2), B1�N1
1.543(3), N1�C2 1.383(2), N1�C5 1.360(2), C1�C2 1.381(2), C2�C3
1.425(3), C3�C4 1.379(2), C4�C5 1.394(3); N1-B1-N1A 107.5(3), F1-B1-
F1A 109.2(3), C2-C1-C2A 123.3(3).

Figure 2. Molecular packing in the crystal structure of 1 a along the a
axis.
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560 nm and are independent of solvent polarity, with only a
small variation of 3–4 nm upon going from methanol to

Figure 3. One-dimensional zigzag chain formed through hydrogen bonds
along the c axis (for a colour version of the figure, see Figure S1 in the
Supporting Information).

Table 1. Spectroscopic and photophysical properties of 1a–d and 2 in various solvents at 298 K.

Solvent labs fwhmabs lem fwhmem Dñabs–em Ff tf kr knr

[nm] ACHTUNGTRENNUNG[cm�1] [nm] ACHTUNGTRENNUNG[cm�1] ACHTUNGTRENNUNG[cm�1] [ns] ACHTUNGTRENNUNG[108 s�1] ACHTUNGTRENNUNG[108 s�1]

1a MeOH 559 660 566 690 240 0.50 3.36 1.5 1.5
MeCN 558 720 566 740 270 0.52 3.37 1.5 1.4
THF 562 630 569 680 220 0.55 3.30 1.7 1.4
Et2O 561 560 567 647 240 0.54 3.29 1.6 1.4
Bu2O 563 525 568 630 200 0.54 3.24 1.7 1.4
hexane 562 480 567 590 170 0.54 3.05 1.8 1.5

1b MeOH 559 1140 598 2220 1240 0.36 2.63 1.4 2.4
MeCN 559 1280 599 2170 1280 0.38 3.18 1.2 1.9
THF 562 1070 599 2190 1170 0.44 3.47 1.4 1.4
Et2O 561 1100 601 2170 1240 0.44 3.33 1.3 1.7
Bu2O 563 1060 601 2170 1210 0.51 3.42 1.5 1.4
hexane 564 1060 601 2160 1170 0.52 3.56 1.5 1.3

1c MeOH 569 2090 612 2110 1240 0.11 1.21 0.9 7.4
MeCN 565 2080 612 2300 1360 0.10 1.30 0.8 6.9
THF 573 2010 609 1830 1030 0.23 2.24 1.0 3.4
Et2O 576 2010 605 1650 840 0.29 2.97 1.0 2.4
Bu2O 581 1950 602 1370 640 0.39 3.26 1.2 1.9
hexane 584 1890 598 1070 470 0.46 3.97 1.2 1.4

1d MeOH 556 1270 567 1550 450 0.059 0.15 (0.62) – –
3.32[a]

MeCN 554 1120 573 1640 680 0.014 0.11[b] 1.2 90
THF 558 910 575 (LE) 350 (LE) 560 (LE) 0.074 0.01 – –

728 (CT) 3250 (CT) 4200 (CT) 3.22[c]

Et2O 557 850 572 (LE) 350 (LE) 480 (LE) 0.16 0.03 – –
649 (CT) 3220 (CT) 2570 (CT) 4.13[c]

Bu2O 559 830 571 1150 430 0.36 3.45 1.0 1.9
hexane 560 870 570 1180 360 0.32 2.72 1.2 2.5

1d-H+ MeCN 564 1120 585 1640 680 0.38 3.46 1.1 1.8
2 MeOH 558 2725 581 2021 673 0.62 3.12 2.0 1.2

MeCN 558 2820 582 1970 770 0.66 3.43 1.9 1.0
THF 566 2370 582 1920 560 0.73 3.43 2.1 0.8
Et2O 567 2100 581 1880 445 0.76 3.80 2.0 0.6
Bu2O 572 1880 583 1770 390 0.79 3.55 2.2 0.6
hexane 576 1030 583 1000 230 0.77 3.90 2.0 0.6

[a] Both species are only found in the region of the typical BODIPY-localised emission. Their amplitudes are always positive and the amplitude ratio is
constant over the measured emission range of 560–650 nm. The value in brackets represents the relative amplitude of the fast decay component; see text
for discussion. [b] A trace of a slow component with 3.23 ns is also found; see text for discussion. [c] The two components show a typical precursor–suc-
cessor relationship with a positive amplitude ratio ra in the blue and a negative ratio in the red part of the spectrum. For 1d in Et2O and THF, ra =a1/a2 =

�1 at >650 and >680 nm, respectively (subscripts 1 and 2 denote fast and slow decay components, respectively).

Figure 4. Normalised absorption and fluorescence spectra of 1 a–c and 2
in dibutyl ether at 298 K.
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hexane. In the case of 1 c, however, a more pronounced cor-
relation of labs with solvent polarity is observed, thereby re-
sulting in a hypsochromic shift of approximately 15 nm
when increasing the solvent polarity from hexane to metha-
nol (Table 1). Additionally, the absorption of 1 c in non-
polar solvents is redshifted for approximately 20 nm with re-
spect to that of 1 a, 1 b and 1 d. It is also evident from
Figure 4 and Table 1 that the absorption spectra of 1 c are
more than twice as broad as those of the other dyes, the full
width at half-maximum height (fwhmabs) of the spectra of
the compounds decreasing in the order of fwhm1 c�2 �
fwhm1 b,d�4 � fwhm1 a. On the other hand, the increase in the
width of a spectrum is connected to a reduction in molar ab-
sorption coefficient from, for example, e562 nm = (111700�
2240) m

�1 cm�1 for 1 a to e563 nm = (76 800�1570)m
�1 cm�1 for

1 b in THF. This suggests that the overall integrals of the
longest-wavelength absorption bands do not change too
much. However, from a comparison of the fwhm and the
shape of the spectra of 1 a–d and 2 with those of entirely
planar BODIPYs such as 12 a (Scheme 2), for example,
fwhmTHF

abs ACHTUNGTRENNUNG(1 a)= 630 cm�1 versus fwhmTHF
abs ACHTUNGTRENNUNG(12 a)= 490 cm�1,[29]

it is obvious that even the spectra of 1 a are broader and do
not show the typical cyanine-type vibronic structure as
planar BODIPYs do. The absorption data reported here
thus suggest that more than one optical transition is contri-
buting to the intense band in the 500–600 nm region, which
is supported by a more detailed theoretical treatment that
identifies three transitions (see below).[61]

Recent studies of phenanthrene-appended BODIPYs
have shown that for such crowded derivatives, the meso-
aryl-substituted BODIPY chromophore can adopt a propel-
ler-like geometry, thereby leading to an intramolecular
twisting angle between the BODIPY core and the meso-aryl
group qMP of significantly less than 908 (i.e., no perpendicu-
lar orientation; Figure 6).[30] If a meso-substituted BODIPY
deviates from the perpendicular structure (Figure 6D), in
principle two different conformations are possible, the al-
ready mentioned propeller-type (Figure 6A) and a butterfly-
type structure (Figure 6B). (The latter butterfly-type struc-
ture can potentially also accommodate a perpendicular ar-
rangement of the meso group, as shown in Figure 6C.) In

the first case, for qMP�608, a certain conjugation between
the meso group and BODIPY core can arise. As has been
shown for a 1,7-hydrogen-substituted meso-(4-dimethylami-
no)phenyl BODIPY derivative (10 b, with qMP = 48.98 ;
Scheme 5), such a predisposition can lead to a charge-trans-
fer (CT) transition already in absorption, for instance, from
the anilino group to the BODIPY moiety, which can be
traced in the absorption spectra as broad, structureless and
solvatochromic bands.[32] Although such bands are not readi-
ly obvious from the spectra, we scrutinised the absorption
spectra of 1 d more thoroughly by analysis of the first-deriv-
ative absorption spectra in hexane, dibutyl ether, diethyl
ether, THF and acetonitrile.[62] However, in contrast to 10 b,
no contributions of a broad and solvatochromic band were
found here for 1 d (Figure 7). The only difference between
1 d and 1 a–c is the appearance of a weak band at wave-

Figure 5. Absorption spectrum of 1d in diethyl ether (b ; the absorp-
tion spectra in the other solvents are very similar, see Figure 7) and fluo-
rescence spectra (c) of 1 d in dibutyl ether (Bu2O), diethyl ether
(Et2O), tetrahydrofuran (THF) and acetonitrile (MeCN) at 298 K.

Figure 6. Possible conformations of sterically crowded (A–C) and conven-
tional (D) BODIPYs, viewed along the B�Cmeso axis. A) Hypothetical
propeller-like conformation of 1d. Hypothetical butterfly-like conforma-
tions of 1 d with B) kinked–parallel and C) perpendicular orientation of
the meso ring. D) Perpendicular conformation of 3a. The pictograms
denote the orientation of the benzo rings of the dihydrobenzo[e]isoindole
(A–C; or the pyrrole rings in D) and the meso-phenyl ring with respect
to the central six-membered diazaborinane ring. Solid wedges indicate
upward-facing and dashed wedges downward-facing moieties. In D, the
two methyl groups of the aniline moiety are out of the vertical plane to
some (different) degree; the phenyl ring is perpendicular. The impact of
the conformational constraints on the relative energies of the structures
shown in A–C can be deduced from the data given in Table 2 and
ref. [70]. For a more detailed discussion, see the sections on the theoreti-
cal results.
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lengths >580 nm (equivalent to the grey bar at
<17 250 cm�1 in Figure 7), which shows only a negligible
shift with solvent polarity and is least developed in polar
non-protic solvents.

With respect to the emission spectra, the influence of the
meso substituents is generally more pronounced. Whereas
the emission maxima of 1 a and 1 d are found at approxi-
mately 570 nm, those of 1 b are centred at approximately
600 nm and those of 1 c at approximately 605 nm, the latter
again showing a trend that depends on solvent polarity, now
a hypsochromic shift of approximately 15 nm when decreas-
ing solvent polarity from methanol to hexane (Table 1). Dis-
tinct differences are also found for fwhmem: the order now is
fwhm1 b�2 � fwhm1 d�4 �fwhm1 a. For 1 c, fwhmem decreases
twofold upon going from polar to non-polar solvents
(Table 1). Accordingly, the aforementioned results yield the
following trends for the Stokes shifts. Compound 1 a shows
the most resonant bands with D~nabs�em�210 cm�1, followed

by 1 d with approximately 500 cm�1 and 1 b with 1200 cm�1.
Because of the opposite solvatochromic shifts in both ab-
sorption and emission, the Stokes shift of 1 c increases from
approximately 500 cm�1 in hexane to approximately
1350 cm�1 in acetonitrile. However, the position of the 0,0-
transition of 1 c remains virtually unchanged when taking
E00 = (Eabs�Eem)/2 as a measure, for example, EHex

00 =

16 930 cm�1 and EMeOH
00 = 16 980 cm�1, or, more globally,

Esolvents
00 = (16 967�34) cm�1 with superscript “solvents” refer-

ring to all solvents included in Table 1.[63] Concerning 1 d,
the fluorescence data described so far relate only to the
weakly Stokes-shifted, narrow emission of typical BODIPY-
type shapes. In solvents more polar than dibutyl ether, how-
ever, a second, broad and largely redshifted emission band
is found, its maximum showing strong solvatochromism
(Figure 5, Table 1).

The fluorescence quantum yields are considerably high
and independent of solvent polarity for 1 a (0.53�0.03) and
decrease 1.5- and 4-fold upon going from less (hexane) to
more (methanol) polar solvents for 1 b and 1 c (Table 1). For
1 a–c, these trends are reflected by the fluorescence life-
times, which are mono-exponential in all cases (Table 1).
Accordingly, the rate constants of radiative deactivation are
constant and virtually identical for 1 a,b (kr = (1.5�0.3) �
108 s�1) and slightly lower for 1 c (kr�1.0 �108 s�1).[64] The
rate constants of non-radiative deactivation amount to knr =

(1.5�0.2) � 108 s�1 for 1 a and 1 b in non-polar solvents and
are slightly increased for 1 b in MeCN and MeOH. Com-
pound 1 c shows a similar knr = 1.4 � 108 s�1 in hexane and a
progressive increase to knr = 7.4 � 108 s�1 in methanol. For 1 d
in the absence of CT emission, kr and knr are virtually identi-
cal to those of 1 c. These results suggest that for all the dyes
(i.e., for 1 d in non-polar solvents only), the nature of the
emitting state does not change upon altering solvent polari-
ty. However, the partly strong variation of fwhmem suggests
that the conformational diversity can be considerably influ-
enced by solute–solvent interactions.

Since no hints for a CT absorption band were found in
the region of 510–530 nm (see discussion above), excitation
of 1 d at 520 nm should lead to exclusive excitation of a
BODIPY core-centred transition. In the medium and polar
solvents, the *CT state can thus only be populated from the
(relaxed) Franck–Condon excited state in a typical precur-
sor–successor excited-state reaction (Scheme 5). Analysis of
the dual fluorescence of 1 d in diethyl ether and THF is thus
possible with the respective procedure for such a reaction
mechanism and leads to the following photophysical param-
eters (for a detailed description of the procedure, see
ref. [65]). The ratio of charge-transfer to BODIPY-localised
(or locally excited (LE)) fluorescence amounts to Ff(CT)/
Ff(LE)= 3.9 and 6.7, respectively. These values are of the
same order of magnitude as those found for 3 b (Scheme 5)
with Ff(CT)/Ff(LE)= 4.2 and 9.0 in Et2O and THF,[65] re-
spectively, but distinctly higher than Ff(CT)/Ff(LE)= 0.2 of
a sterically more hindered BODIPY derivative, 13 b, in
THF.[29] These findings suggest that the efficiency of CT
state formation in 1 d is higher than in 13 b, most likely be-

Scheme 5. A) Chemical structures of charge-transfer-active BODIPYs
10b, 13 b and 3b (13a =parent of 13b); B) Excited-state precursor–suc-
cessor reaction mechanism often found in BODIPYs such as 3b, 13b and
1d.

Figure 7. First derivatives of the absorption spectra of 1d in the solvents
indicated in the plot. The grey bar corresponds to the region of the weak
band on the low-energy side. The noise on the hexane and methanol
spectra is due to the limited solubility of the dye in those two solvents.
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cause of the different conformations of the sterically crowd-
ed 1 d (qMP =54.98 as obtained from geometry optimisation
in the gas phase, see below) and 13 b (qMP =658 for parent
13 a by X-ray structure analysis).[29] Following the procedure
in ref. [65], the excited-state reaction dynamics of 1 d in, for
instance, Et2O are determined to be kLC = 17.9 ps�1, kCL =

13.1 ps�1, and (t0
CT)�1 =0.21 ps�1 (for parameters, see

Scheme 5). The ratio of the excited-state reaction rate con-
stants kLC/kCL =1.4 suggests that CT state population (the
forward excited-state reaction) is efficient, yet the backward
excited-state reaction is not negligible in such less twisted
but sterically constrained derivatives. The sterically demand-
ing but more rigid bicyclo moieties in 13 b seem to aggravate
the backward reaction (kLC/kCL = 8.9)[29] and, finally, the
back reaction is even less efficient in 3 b with kLC/kCL =18 in
diethyl ether.[65] In acetonitrile and methanol, however, the
CT emission band could not be observed here for 1 d, most
likely because of the small energy gap and efficient internal
conversion in these highly polar solvents. In acetonitrile,
only the traces of a slow decay component in the region of
LE emission hint at CT state formation (Table 1). On the
other hand, the threefold increase of fluorescence upon
going from a highly polar non-protic (MeCN) to a highly
polar protic solvent (MeOH) also supports the assignment
of a CT process to the quenching process. Solute–solvent in-
teractions between solvent molecules and the nitrogen atom
of the meso-anilino group through hydrogen bonding lead to
a certain reduction of the CT driving force. This is also sup-
ported by the fluorescence lifetime data in Table 1 (i.e. , a
larger amplitude of a slow decay component in the LE
region in methanol, most likely arising from hydrogen-
bonded species). Accordingly, protonation also blocks the
CT process (see below).

An analysis of the fluorescence anisotropy (r) data of 1 a–
c in glycerol at 278 K provided further information on the
orientation of absorption and
emission dipoles within the title
molecules (Figure 8). Values of
r close to 0.4 are found in the
region of the BODIPY bands
(i.e., above 500 nm).[66] The di-
poles of the transitions respon-
sible for the absorption and
emission processes are thus
highly co-linear and oriented
along the cyanine-type
BODIPY p system.[67]

The experimental data dis-
cussed so far suggest that an in-
crease in bulkiness of Rmeso

leads to a broadening of the
spectra, a certain loss of emis-
sivity and an increase of the in-
fluence of the nature of the sol-
vent, with the step from Rmeso =

methyl (1 b) to Rmeso = phenyl
(1 c) being more dramatic. The

findings further indicate that the diversity of ground-state
conformations is much higher in 1 c than in 1 b and especial-
ly 1 a. The behaviour of 1 c further indicates that interactions
with the solvent play a certain role, that is, polar solvents fa-
cilitate conformational diversity.

meso-Nitrogen derivative 2 : According to Table 1 and
Figure 4, the spectroscopic properties of 2 are rather similar
to those of the 1 series. The absorption maxima are centred
at approximately 565 nm and show a hypsochromic shift of
approximately 20 nm when increasing solvent polarity from
hexane to MeCN/MeOH. Whereas the emission maxima,
centred at (582�1) nm, are not affected by solvent polarity,
both the widths of absorption and emission bands increase
with an increase in the solvent polarity. Consequently, the
Stokes shifts increase from 230 cm�1 in hexane to 770 cm�1

in acetonitrile. The fluorescence quantum yields are high
and show a slight positive solvatokinetic behaviour (i.e., are
slightly reduced from 0.77 in hexane to 0.62 in methanol).
The fluorescence lifetimes correspond to the quantum-yield
data, thus leading to virtually constant kr = (2.1�0.2)�
108 s�1 and knr that slightly increase toward polar solvents.
However, when the fact that the width of the fluorescence
bands increases in polar solvents is taken into account by
excluding the dependence of kr on the emission spectrum
and considering the reduced rate constants kf,

[64] virtually no
influence is found: kf = (1.6�0.1) � 105 s�1 cm3 regardless of
solvent polarity. The molar-absorption coefficient e566 nm =

(58 130�750) m
�1 cm�1 is lower than that of 1 a (see above),

but, considering the different fwhmabs, integrals of similar
magnitude are found for the bands in the 500–600 nm
region. The fluorescence anisotropy data shown in Figure 8
also indicate co-linear absorption and emission dipoles.

The most striking finding of the present investigation is
the similarity of the spectroscopic properties of 1 a–c on one

Figure 8. Fluorescence anisotropy r (black) of 1 a (top, left), 1b (top, right), 1c (bottom left) and 2 (bottom
right) measured in glycerol at 278 K. The absorption spectra in the same solvent at 298 K are plotted in grey.
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and 2 on the other side. The absorption features of 2 com-
pare well with those of 1 c and the emission features resem-
ble an intermediate of those of 1 a,b. These findings are in
striking contrast to the modulations observed so far for
meso-atom exchange in BODIPYs, that is, bathochromic
shifts of approximately 100 nm and distinctly lower fluores-
cence quantum yields as mentioned in the Introduction; see
Scheme 2 (e.g., 6 vs. 7 or 8 vs. 9) and the discussion in the
text above.

Quantum chemical calculations : To better understand the
findings of the spectroscopic measurements and to elucidate
the differences within the series of title dyes and with re-
spect to related dyes of the literature in a more detailed
manner, density functional theory (DFT) as well as time-de-
pendent DFT (TD-DFT) calculations were performed with
the B3LYP functional and the 6-31G(d) basis set as imple-
mented in Gaussian 03.[68,69] In all cases, two different start-
ing geometries were employed, a “propeller-like” and a
“butterfly-like” one (Figure 9), which all converged.[70]

Optimised geometries : From Table 2 it is obvious that for
all compounds except for 1 b, the propeller-like (P) opti-
mised structure is more stable than the butterfly-like (B)
structure. The adoption of a P conformation in the case of
1 a is confirmed experimentally by the X-ray structure
(Figure 1 and Figure S2 in the Supporting Information). For
1 b, however, the B conformation seems to be more fav-
oured. Taking the dihedral angle between the two pyrrole
rings (qPP) as a measure for the co-planarity of the indacene
core (Table 2), it is evident that in all cases the P structure is
the more co-planar one except, again, for 1 b.

On one hand, co-planarity of the indacene core is an im-
portant prerequisite for strong electronic conjugation in the
chromophore and, together with good molecular orbital
(MO) overlap, guarantees often favourable fluorescence fea-
tures and high oscillator strengths. On the other hand, the
adoption of a B or P conformation is also important for the
degree of coupling or decoupling between BODIPY core
and meso substituent. Especially for 1 d with a meso-dime-
thylanilino substituent, a less decoupled structure has to be
considered in the context of a possible intramolecular
charge-transfer process. Figure 9 shows that the twisting
angle around the Cmeso�Cphenyl bond qMP is distinctly different
for both structures, that is, close to a perpendicular arrange-
ment (qMP =86.78) in 1 d(B) but less twisted (qMP =59.88) for
1 d(P). The influence of the electronic nature of the group in
the meso position should thus be higher in the case of P con-
formations.[71]

The structural features as derived from the DFT calcula-
tions yield dihedral angles between the two pyrrole rings of
the indacene core qPP =5.9, 19.0, 20.0 and 1.48 for the more
stable P conformation of 1 a, 1 c, 1 d and 2 and 7.88 for
1 b(B), respectively. Since the alignment of the transition di-
poles is virtually identical for the dyes, the degree of planar-
ity of the molecular structures presumably accounts for the
order of calculated oscillator strengths f (Table 3 and Fig-

ure S4 in the Supporting Information) and experimentally
derived Ff (or kr or kf, Table 1 and Table S2) values (i.e.,

Figure 9. Optimised ground-state geometries of compounds 1a–d and 2
obtained from DFT calculations with the B3LYP functional and the 6-
31G(d) basis set. The converged structures for a “butterfly-like” starting
geometry are shown on the left and those for a “propeller-like” starting
geometry on the right. For a comparison of the calculated structures of
1a with the X-ray structure, see Figure S2 in the Supporting Information.

Table 2. Results of the geometry optimisations of the ground state (B=

“butterfly-like” conformation, P =“propeller-like” conformation); for
self-consistent field (SCF) energies, see Table S4 in the Supporting Infor-
mation.

Structure[a] DE[b] mg
[c] [D] mg

[c] [D] qPP
[d] [8] qPP

[d] [8]ACHTUNGTRENNUNG[kJ mol�1] B P B P

1a P 0.8 2.9 3.0 6.0 5.9
1b B 9.4 3.2 4.3 7.8 19.6
1c P 25.8 3.9 3.7 27.5 19.0
1d P 29.7 6.1 6.9 26.8 20.0
2 P 2.5 1.7 1.7 2.0 1.4

[a] Structure of the most stable conformation. [b] Energetic gain of the
most stable with respect to the other (“butterfly-” or “propeller-like”)
conformation. [c] Ground state dipole moment. [d] Dihedral angle be-
tween the two planes defined by the five atoms of the two pyrrole rings.
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1 a>1 b>1 c). Moreover, because the probability of intersys-
tem crossing is very low in BODIPY dyes,[72] knr can be
mainly attributed to internal conversion processes, which
are related to the flexibility/rigidity of the dye.[73] The in-
creased knr of 1 c and 1 d in non-polar solvents thus seem to
be a direct consequence of the structural features. The
dipole moments calculated for 1 a(P), 1 b(B) and 1 c(P) are
rather similar and not very pronounced with mg�3.5 D,
those of 1 d(P)/2(P) are somewhat higher/lower (Table 2).

Molecular orbitals and transitions : Figures 10 and 11 show
the frontier molecular orbitals of 1 a–d and 2 as well as
those of the model compounds 5 b, 6, 7 and 10 b (Schemes 2
and 5). Table 3 collects the relevant lowest-energy transi-
tions. As can be deduced from Figure 10, for the title dyes,
HOMO and LUMO are almost identically localised, mainly
on the BODIPY core and less on the dihydronaphthalene
(DHN) fragments. Only HOMO�1 and HOMO�2 (or, in
the case of 1 d, HOMO�2 and HOMO�3) are rather evenly

localised on the entire DHN-BODIPY chromophore,
whereas LUMO+1 is predominantly localised on the DHN
fragments. For 1 a,b and 2, the meso atom and the appended
Rmeso do not participate in any of the occupied orbitals
shown as well as LUMO+1. In addition to the meso atom,
carbon atoms 1 and 7 (see Scheme 1 for numbering) also do
not participate significantly in the HOMO�1 and
HOMO�2 in 1 a–c or HOMO�2 and HOMO�3 in 1 d.
However, in accordance with general BODIPY photophy-
sics, a high coefficient is found on the meso atom and C1
and C7 in the LUMO. In the case of 1 c,d, the meso group
participates in the HOMO�2/HOMO�3 and the
LUMO+1; only for 1 d, HOMO�1 shows high orbital coef-
ficients on the meso group. According to Table 3, the two
lowest transitions are mixed HOMO–LUMO and
HOMO�1–LUMO transitions for 1 a–c ; S3

!S0 is then a
HOMO�2–LUMO transition. It is also apparent that the
three lowest transitions are rather close-lying in energy/
wavelength. The calculated oscillator strengths for the
S1

!S0 and S2

!S0 transitions in the dyes with a more stable
P conformation are considerably high, and they increase
with a larger contribution of the HOMO–LUMO transition.
Although the absolute positions of the calculated transitions
in the gas phase show a hypsochromic displacement for all
the dyes studied here, their sequence agrees rather well with
the measured absorption spectra in solution (Figure S5 in
the Supporting Information; some exceptions for 1 d and 2
are discussed below). This agreement stresses the phenom-
enological interpretation made above that, in contrast to 3
or 12, the single-transition, cyanine-type absorption features
of the lowest-energy absorption bands of those planar
BODIPY dyes are not found here or are at least superim-
posed by other transitions. If we assume that the three
lowest transitions contribute to the absorption band in the
500–600 nm region, a comparison of the sum of their oscilla-
tor strengths Sfi (with i=1, 2, 3) with qPP yields the expected
trend within the series 1 a–c, that is, Sfi is the larger the
smaller the inter-plane angle (Figure S4 in the Supporting
Information).

If the solvent is taken into account in the calculations by
way of the polarisable continuum model (PCM),[74] that is,
as a continuum basically described by the PCM parameters
dielectric constant and volume of the solvent molecules, a
better agreement of theoretical and experimental absorption
maxima is obtained (cf. bathochromic shift between black
and coloured bands in Figure S5 in the Supporting Informa-
tion). Moreover, at least in the case of 1 a–c, theory correct-
ly predicts the slight hypsochromic shift and broadening of
the spectra upon going from a hydrocarbon solvent to aceto-
nitrile. The weak solvatochromism is also supported by the
theoretical results in which rather small dipole moment
changes of opposite signs are found for the three lowest
transitions in 1 a–c, thus contributing to the intense band in
the visible range.

Position of dihydronaphthalene substitution : To understand
why the introduction of aryl substituents in the 3,5-positions

Table 3. Calculated properties for the vertical excitation of the most
stable energy-minimised ground-state geometries of the title dyes and
model compounds 5b, 6, 7 and 10 b by TD-DFT (for calculation details,
see the Experimental Section).

lSn

!S0
(n)[a]

[nm]
f[b] DmSn–S0

[c]

[D]
Orbitals (coefficients)[d]

1a(P) 472.1 (1) 0.482 3.9 HOMO–LUMO (0.438)
HOMO�1–LUMO (0.468)

456.3 (2) 0.297 �2.9 HOMO–LUMO (�0.400)
HOMO�1–LUMO (0.478)

438.0 (3) 0.115 3.3 HOMO�2–LUMO (0.668)
1b(B) 472.8 (1) 0.668 1.7 HOMO–LUMO (0.526)

HOMO�1�LUMO (�0.333)
463.3 (2) 0.087 �1.7 HOMO–LUMO (0.284)

HOMO�1–LUMO (0.582)
437.6 (3) 0.094 2.7 HOMO�2–LUMO (0.669)

1c(P) 484.7 (1) 0.316 3.4 HOMO–LUMO (0.359)
HOMO�1–LUMO (0.552)

466.4 (2) 0.385 �3.6 HOMO–LUMO (0.478)
HOMO�1–LUMO (�0.384)

462.6 (3) 0.042 3.8 HOMO�2–LUMO (0.673)
1d(P) 521.3 (1) 0.053 16.0 HOMO�1–LUMO (0.676)

478.0 (2) 0.422 2.5 HOMO–LUMO (0.443)
HOMO�2–LUMO (0.472)

462.4 (3) 0.245 �3.7 HOMO–LUMO (�0.409)
HOMO�2–LUMO (0.480)

434.9 (4) 0.153 4.6 HOMO�3–LUMO (0.665)
2(P) 545.4 (1) 0.181 4.8 HOMO–LUMO (�0.314)

HOMO�1–LUMO (0.576)
498.1 (2) 0.124 3.7 HOMO�2–LUMO (0.661)
492.8 (3) 0.532 �1.2 HOMO–LUMO (0.477)

HOMO�1–LUMO (0.325)
5b 517.5 (1) 0.708 �2.3 HOMO–LUMO (0.593)
6 495.0 (1) 0.760 �3.2 HOMO–LUMO (0.602)
7 561.2 (1) 0.719 �0.4 HOMO–LUMO (0.571)
10b 558.0 (1) 0.876 �4.1 HOMO–LUMO (0.596)

508.4 (2) 0.516 20.2 HOMO�1–LUMO (0.666)

[a] Wavelength of the transition. The next highest transitions of 1a–d, 2
and 5b are found at <400 nm; see Figure S5 in the Supporting Informa-
tion. [b] Oscillator strength of the transition. [c] Dipole moment differ-
ence between ground (m0) and respective excited (mn) state. [d] MOs in-
volved in the transitions.
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of the indacene core is more effective in generating batho-
chromic shifts, an analysis of the molecular orbitals and
transitions obtained by similar calculations for model com-
pound 5 b was carried out as well. The studies revealed that
the S1

!S0 transition shows typical cyanine features (i.e. , is
an oscillator-strong, exclusive HOMO–LUMO transition;
Table 3), with the next-highest transition being centred only
at 395 nm. For 5 b, HOMO and LUMO are delocalised
along the longest polymethinic chain in the entire molecule,

the DHN-BODIPY-DHN skel-
eton, with alternating patterns
and large orbital overlap
(Figure 11). Again, the elec-
tronic density increases in the
meso position upon electronic
excitation. The reduced orbital
overlap and the fact that the
1,7-DHN substitution in 1 a–c
seems to stabilise the HOMO
much better than the 3,5-DHN
substitution in 5 b (DEHOMO

1 a�5 b =

�0.41 eV vs. DELUMO
1 a�5 b =

�0.16 eV) are most likely re-
sponsible for the less pro-
nounced bathochromic shift
when comparing the spectral
band positions of 1 a–c and 5 b
with 3 a. A similar effect can be
observed in model compound 6
(Figure 11), for which all the
1,3,5,7-positions of the
BODIPY core are substituted
with aryl groups. The contribu-

tions of the 1,7-DHN substituents to the HOMO are rather
small, and introduction of the DHN groups at these posi-
tions again stabilises better the HOMO (DEHOMO

6�5 b =

�0.39 eV vs. DELUMO
6�5 b =�0.26 eV).[75]

Exchange of the meso atom : Traditionally, the exchange of
the meso atom is a means to shift the spectra bathochromi-
cally (e.g., from 6 to 7; Scheme 2). Why this effect is less
pronounced in the title dye series when going from 1 a to 2
can be explained in a similar fashion on the basis of the re-
sults listed in Table 3 and Figures 10 and 11. Whereas the in-
troduction of the more electronegative atom at the meso po-
sition leads to a strong stabilisation of the LUMO in 7 with
respect to 6 (DELUMO

7�6 =�0.44 eV vs. DEHOMO
7�6 =�0.04 eV),

the effect is less pronounced in 2 compared with 1 a
(DELUMO

2�1 a =�0.39 eV). The concomitant stronger stabilisa-
tion of the HOMO (DEHOMO

2�1 a =�0.07 eV) leads to a net de-
crease in the HOMO–LUMO energy gap difference of
DDE1a–2 =0.32 eV compared with DDE6–7 =0.40 eV. Hence,
the bathochromic displacement upon Cmeso for Nmeso ex-
change is larger for the 3,5-DHN-substituted derivatives. In
general, however, it has to be emphasised that the TD-DFT
calculations at the level of theory employed here are less
successful in reproducing the spectroscopic features of 2
than 1 a–c (see the data in Table 1 and Table 3 and the spec-
tra in Figure 4 and S5 in the Supporting Information), de-
spite the fact that the DFT-optimised ground-state geometry
seems as realistic as that of 1 a–c. Although the reasons for
the higher mismatch are not clear at present, the results de-
scribed in the next section suggest that specific solute–sol-
vent interactions most likely involving the nitrogen atom at
the meso position play a certain role.

Figure 10. Frontier molecular orbitals of the most stable conformations of the title compounds 1 a–d and 2 (for
calculation details, see text).

Figure 11. Frontier molecular orbitals of the most stable conformations of
the model compounds 5b, 6, 7 and 10b (for calculation details, see text).
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Charge transfer in 1 d and 10 b : Closely related to what
was discussed in the last paragraph, molecular architecture-
based differences in charge-transfer behaviour of meso-
donor-substituted BODIPYs are an important aspect in the
design of BODIPY-derived signalling systems. Here, howev-
er, only the entries for the position and the oscillator
strength of the transitions of 1 d(P) in Table 3 seem to
match with the behaviour of the dye in non-polar solvents.
The calculated change in dipole moment (Table 3) and the
effects of the solvent in the PCM calculations (Figure S5 in
the Supporting Information) do not correspond to the ex-
perimentally found trend, that is, a negligible influence of
solvent polarity on the absorption spectrum of 1 d
(Figure 7). The calculated, pronounced bathochromic shift
of the lowest-energy transition from 544 nm in heptane to
589 nm in acetonitrile (Figure S5) is not found in the experi-
ment (Figure 7), but the weak band at >580 nm is even fur-
ther reduced in THF and MeCN (Figure 7). Apparently, the
simplification of exerting the TD-DFT PCM calculations on
the gas-phase-optimised S0 geometry does not account for
specific solvation effects, presumably involving the aniline
group, that supposedly feed back into the structure. The ex-
perimental findings suggest that an increase in solvent polar-
ity facilitates conformational reorganisations in the ground
state that lead to a stronger decoupling of the two moieties.
Such a decoupling would result in a reduced oscillator
strength and an increasingly forbidden character of the
lowest-energy (CT) transition; direct population of the
highly polarised CT would be aggravated and result in van-
ishing CT absorption bands and features as shown in Sche-
me 5B. However, the distinct differences between the promi-
nence of the CT bands in the absorption spectra of 1 d and
10 b are again supported by the calculations: the correspond-
ing S2

!S0 transition in 10 b has a tenfold higher oscillator
strength than the S1

!S0 transition in 1 d and is accompanied
by a more pronounced dipole moment change, thereby
stressing the solvatochromic shift of the CT band in 10 b.
When considering that both the localisation of HOMO�1
and LUMO on the molecular fragments and qMP (54.9 and
48.98) are comparable for 1 d and 10 b, we tentatively
assume that the pronounced difference in the planarity of
the extended indacene chromophore is responsible for the
different features observed; qPP =208 for 1 d(P), yet only
5.78 for 10 b. In addition, the extended chromophore is
much more planar in 10 b. Whereas the average twisting
angle between the planes of the pyrrole ring and the phenyl
ring of the styryl extension qE amounts to only 6.18 in 10 b,
qE =29.78 for the angle between pyrrole ring and phenyl
ring planes of the DHN group in 1 d (see Figure S6 in the
Supporting Information for definition of planes).

Photostability of 1 a,b and 2 : Besides spectroscopic proper-
ties, photostability is an important characteristic of a func-
tional dye. Photostability studies were carried out here with
1 a,b and 2 in ethanol and compared with rhodamine 101
(Rh101) under identical conditions. Rh101 is usually consid-
ered as a benchmark in this wavelength region. The samples

were irradiated with a xenon lamp at 560 nm (15 nm slits)
with a constant power of 1.7 mW for 8 h. The absorbance of
all the samples was adjusted to 0.11 at 560 nm, and the solu-
tions were irradiated in 10 � 10 mm quartz cuvettes. The in-
vestigations revealed that 1 a performed equally well as
Rh101, with a decrease of approximately 1–2 % (uncertainty
�1 %) after 8 h (Figure 12). Compound 1 b showed a slight

decrease of the absorption band (i.e., a reduction by approx-
imately 5 %). In none of the cases was the spectrum modi-
fied significantly. However, for 2, the absorption band at
562 nm showed a significant decrease of 73 % after 8 h of ir-
radiation, along with substantial changes of the absorption
spectrum; the decrease of the band at 562 nm is accompa-
nied by an increase of a band at 420 nm (Figure 12). The
latter indicates the formation of decomposition products,
the nature of which, however, could not be clarified during
the present studies.

pH-Dependent absorption and fluorescence spectroscopy of
1 d : As outlined in the Introduction, the meso position is in
many cases the position of choice for the integration of an
analyte- or a stimuli-responsive group, and since the late
1990s[65,76] many such BODIPY dyes have been developed.[4]

However, as we have seen in the previous sections, the
degree of twisting around the interannular Cmeso�Cphenyl

bond, the degree of conformational confinement and the
conjugation in the BODIPY core are decisive parameters
for the spectroscopic manifestation of the interaction of the
fragments. Hence, the electronic properties of the respon-
sive group themselves also depend on these parameters.
Thus, to evaluate the influence of these structural features
on the responsiveness of the group in the meso position, pH
titration experiments were carried out for 1 d and other
meso-anilino-substituted BODIPYs that we have studied
over the past decade in ethanol/water mixtures. Besides 1 d,

Figure 12. Absorption of 1a (black) and Rh101 (grey, top) and 2
(bottom) in EtOH before (solid line) and after 8 h of irradiation with an
Xe lamp (dashed line). Absorbances for all samples were adjusted to ap-
proximately 0.11 at 560 nm before irradiation.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 2887 – 29032898

Z. Shen, K. Rurack et al.

www.chemeurj.org


this series includes 3 b,[65] 10 b,[32] 12 b,[29] 13 b,[29] 14,[30] the yet
unpublished derivatives 15 and 16[77] and the three crowned
dyes 3 c,[65] 3 d[45] and 3 e[78] (Schemes 5 and 6). At neutral

pH, all the anilino-substituted derivatives show a strongly
quenched fluorescence in the aqueous solvent mixture that
was employed, which can be ascribed to the CT quenching
process described above for 1 d in more detail. Accordingly,
for all the dyes (except 16 ; see below), the addition of pro-
tons leads to a revival of fluorescence at acidic pH. Protona-
tion at the aniline-N atom suppresses the quenching process
and allows the monitoring of the titration curve by fluorom-
etry.[79] Table 4 collects the respective experimental pKa data
and the theoretically obtained twist angles around the
Cmeso�Cphenyl bond obtained from the geometry optimised
ground-state structures (for computational details, see above
and the Experimental Section).

The data in Table 4 allow the derivation of the following
rules. Orthogonal decoupling of the dimethylaniline moiety
like in 3 b and 12 b yields dyes with pKa values in between
those of non-substituted N,N-dimethylaniline (DMA: pKa =

5.07)[80] and DMAs that carry a strongly electron-withdraw-
ing group in the para position (4-nitro-DMA: pKa =0.65;[80]

4-cyano-DMA: pKa =0.18).[81] The reduction of the twisting
angle qMP between the two moieties of the dyes, when con-
sidered as DMA–BODIPY dyads, leads to a stronger elec-

tronic influence of the electron-deficient BODIPY core and
a reduction of the pKa. The effects of increased steric crowd-
ing that forces a dye into the propeller arrangement (like in
1 d, 13 b or 14) and reduced steric demand that permits a
dyad to adopt a more planar conformation (like in 10 b or
15) are rather similar and suggest that the angle itself is the
decisive factor. The result is a linear correlation of pKa and
qMP (Figure S7 in the Supporting Information). By reconsi-
dering the discussion of the impact of the different P and B
conformations on qMP of 1 d in the theoretical section on op-
timised geometries above, the protonation studies clearly
support the DFT results (i.e., that the most favoured confor-
mation of 1 d is P). When the nature of the substituents on
the aniline-N is changed, pronounced differences can arise.
For instance, exchange of the methyl groups by phenyl
groups leads to a strong delocalisation of the lone electron
pair of the nitrogen atom and hampers protonation signifi-
cantly. On the other hand, introduction of an oxa-crown
ether like in 3 c aggravates protonation only slightly, pre-
sumably because steric effects and hydrogen-bonding inter-
action between N+H and the O atoms of the crown balance
each other out. Taking the step from 3 c to 3 d alters the
local neighbourhood significantly and the fact that the S
atoms show a reduced inductive effect,[82] require more
space and cannot stabilise the proton by hydrogen bonding
lead to a reduction of the pKa by >1.5 units. These findings
are supported by earlier studies of ours on anilinopyridine
dyes for which only the change of the sequence of sulphur
and oxygen atoms in crown receptors of identical size led to
distinct shifts in the pKa.

[83] A peculiar and at present not
fully understood finding concerns the pKa of crowned 3 e.
On the basis of the previous rationalisations, one would
expect that the smaller, that is, more crowded ring of the
[12]crown-4 receptor along with the presence of two sulphur
atoms should lead to an even lower pKa. However, the op-
posite is found.[84] Nonetheless, with respect to the DMA de-
rivatives, the present investigations revealed that fine tuning
of the pH response is possible by adjusting the interannular
twisting angle. As observed for most of the dyes studied ear-
lier, protonation also leads to a strong switching on of the
fluorescence of 1 d (Figure 13). The spectroscopic properties
of 1 d-H+ are listed in Table 1.

Scheme 6. Chemical structures of selected meso-anilino-substituted BOD-
IPYs studied as a function of pH.

Table 4. Experimentally determind pKa values (�0.02) and theoretically
obtained twist angles qMP around the Cmeso�Cphenyl bond for a series of
BODIPY dyes.

pKa
[a] qMP

[b] [8] pKa
[a] qMP

[b] [8]

3b 2.33 90.0 15 1.63 48.3
12b 2.54 90.0 3 c 2.06 90.0
13b 2.05 65.0 3 d 0.24 90.0
1d 1.81[c] 54.9 3 e 2.47 90.0
14 1.71 53.7 16 –[d] 89.9
10b 1.70 48.9

[a] In EtOH/water (1:1); corrected value, see Experimental Section for
details. [b] Geometry optimisation method: DFT with B3LYP-631G.
[c] In EtOH/water (4:1); corrected values. [d] Too acidic. The compound
seems to decompose before an increase in fluorescence can be observerd
upon addition of HClO4.
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Conclusion

The synthesis, spectroscopic and theoretical investigation of
a new series of red-emissive BODIPY dyes has been pre-
sented here. In addition to providing important knowledge
on structure–property relationships in BODIPY dyes, the
unique electronic and steric effects that can be achieved by
adequate substitution of the BODIPY core allowed the ob-
tainment of dyes that perfectly match the spectral range of
the most popular rhodamine dyes. In view of their high
molar absorption coefficients and fluorescence quantum
yields as well as their excellent photostability (e.g., of 1 a,b),
these dyes can supplement rhodamines for more lipophilic
applications such as the doping of polymer beads or mem-
branes. Moreover, with respect to 3,5-diphenyl- or 1,3,5,7-
tetraphenyl-BODIPYs (e.g., 5 and 6 in Scheme 2), the series
presented here absorbs and emits in the same spectral
region while retaining all possibilities for further modifica-
tion at the 3,5-positions of the BODIPY core. Besides the
meso position, these are the primary places for further func-
tionalisation of BODIPY dyes. By taking into account the
colour rules for 3,5-dimethylaminostyryl extension discussed
in the Introduction, BODIPY dyes absorbing at >750 nm
might thus be possible. Our studies revealed the importance
of electronic effects and the deliberate choice of the position
of substitution such that attachment of the DHN units like
in 1 and 2 can counterbalance the effect of meso-atom ex-
change. The pH indication features of a series of DMA–
BODIPYs and the dependence of the pKa on the interannu-
lar twisting angle impressively show the possibilities of fine-
tuning. As previous work on 3 b has shown,[85] these proper-
ties can be readily exploited for pH sensing. The transfer-
ence of the knowledge obtained here to meso-phenol-substi-
tuted derivatives[76] is expected to offer similar modes of
tuning for indicators for the basic pH range.

Experimental Section

General : All syntheses were carried out under an inert atmosphere.
Unless otherwise noted, all chemicals and solvents were of commercial
reagent grade and used without further purification. Dry dichlorome-
thane was freshly distilled over CaH2 under nitrogen. Triethylamine was
obtained by simple distillation. Dry toluene was distilled from sodium/
benzophenone under an inert atmosphere. Column chromatography and

TLC were performed using C-200 (Wakogel) and Kieselgel 60F254
(Merck), respectively. 1H NMR spectra were recorded in CDCl3 and
using a Bruker 400 MHz spectrometer at room temperature. NMR spec-
troscopic chemical shifts are expressed relative to the CHCl3 signal at d=

7.26 ppm. MALDI-TOF MS and HRMS (FAB) measurements were
done at Ehime University, Matsuyama, Japan. All the solvents employed
for the spectroscopic measurements were of UV-spectroscopic grade and
purchased from Aldrich.

General synthetic procedure for the preparation of 1 a, 1 c and 1d : 3-
Methyl-4,5-dihydro-2H-benzo[e]isoindole I[51] (366 mg, 2 mmol) and an
aldehyde (benzaldehyde (127 mg, 1.2 mmol; 1a and 1 c), 4-(dimethylami-
no)benzaldehyde (179 mg, 1.2 mmol; 1 a and 1 d)) were dissolved in dry
CH2Cl2 (100 mL) under nitrogen. One drop of TFA was added, and the
solution was stirred at room temperature in the dark for 4 h. Then DDQ
(454 mg, 2 mmol) was added, and the mixture was stirred for an addition-
al hour. The reaction mixture was subsequently treated with TEA (3 mL)
and BF3·Et2O (3 mL). After stirring for 30 min, the dark brown solution
was washed with water and brine, dried over Na2SO4, and concentrated
at reduced pressure. The crude product was purified by silica gel column
chromatography (elution with 5% ethyl acetate/petroleum ether to
obtain 1a, 7 % ethyl acetate/petroleum ether to obtain 1 c, 10 % ethyl
acetate/petroleum ether to obtain 1d). The compounds were recrystal-
lised from chloroform/methanol to give 1a as orange crystals (20 %
yield), 1c as red crystals (<1% yield) and 1d as red needles (15 %
yield).

Compound 1 a : 1H NMR (400 MHz, CDCl3): d=7.88 (s, 1H), 7.61 (d, J=

7.7 Hz, 2H), 7.36–7.28 (m, 6H), 2.92 (t, J= 7.3 Hz, 4 H), 2.61 (t, J =

7.6 Hz, 4H), 2.59 ppm (s, 6 H); HRMS (EI): m/z : calcd for C27H23N2F2B:
424.1954 [M]+ ; found: 424.1922 [M]+ .

Compound 1 c : 1H NMR (500 MHz, CDCl3): d =7.66 (d, J=7.2 Hz, 2H),
7.467 (d, J= 7.0 Hz, 2 H), 7.38–7.33 (m, 7H), 7.18 (t, J= 7.7 Hz, 2H), 3.01
(t, J=7.1 Hz, 4H), 2.94 (t, J=7.2 Hz, 4H), 2.63 ppm (s, 6H); HRMS
(FAB): m/z : calcd for C33H28N2F2B: 501.2313 [M+H]+ ; found: 501.2315
[M+H] + .

Compound 1d : 1H NMR (400 MHz, CDCl3): d =7.10 (d, J =7.3 Hz, 2H),
7.04 (d, J =8.8 Hz, 2 H), 6.84 (td, J1 =7.4 Hz, J2 =1.2 Hz, 2 H), 6.48 (td,
J1 =7.4 Hz, J2 = 1.2 Hz, 2 H), 6.29 (d, J=8.3 Hz, 2H), 6.07 (d, J =7.7 Hz,
2H), 2.85 (s, 6 H), 2.81 (t, J =7.0 Hz, 4H), 2.62 (s, 6H), 2.47 ppm (t, J=

6.9 Hz, 4H); HRMS (EI): m/z : calcd for C35H32N3F2B: 543.2657 [M]+ ;
found: 543.2658 [M]+ .

Compound 1b : Compound I (366 mg, 2 mmol) and acetyl chloride
(94.2 mg, 1.2 mmol) were dissolved in dry CH2Cl2 (80 mL) under nitro-
gen, and the solution was heated at reflux in the dark for 6 h. After the
mixture was cooled to room temperature, the reaction mixture was treat-
ed with TEA (3 mL) and BF3·Et2O (3 mL). After stirring for another
30 min, the dark brown solution was washed with water and brine, dried
over Na2SO4, and concentrated at reduced pressure. The crude product
was purified by column chromatography (silica gel, 5 % ethyl acetate/pe-
troleum ether) and recrystallised from chloroform/methanol to give 1b as
orange crystals (27 % yield). 1H NMR (400 MHz, CDCl3): d= 7.60 (d, J=

7.7 Hz, 2 H), 7.34–7.23 (m, 6H), 2.85–2.82 (m, 7H), 2.59 (s, 6H),
2.50 ppm (t, J =7.0 Hz, 4H); HRMS (EI): m/z : calcd for C28H25N2F2B:
438.2079 [M]+ ; found: 438.2079 [M]+ .

Compound 2 : Compound I (366 mg, 2 mmol) and NaNO2 (69 mg,
1 mmol) were stirred in AcOH/Ac2O (10:4 v/v) at 0 8C for half an hour
and then at 80 8C for another half an hour. The mixture was diluted with
cold water and neutralised with NaOH (4 m) solution to form solid pre-
cipitates. After washing with water and drying, the solid was stirred with
TEA (3 mL) and BF3·Et2O (3 mL) in dry CH2Cl2 (100 mL) for 3 h. The
dark red solution was washed with water and brine, dried over Na2SO4,
and concentrated at reduced pressure. The crude product was purified by
column chromatography (silica gel, 20% ethyl acetate/petroleum ether)
and recrystallised from chloroform/methanol to give 2 as orange crystals
(25 % yield). 1H NMR (400 MHz, CDCl3): d =7.60 (d, J= 7.3 Hz, 2H),
7.32–7.20 (m, 6H), 2.96 (t, J =7.0 Hz, 4 H), 2.59 (t, J=7.4 Hz, 4H),
2.50 ppm (s, 6 H); HRMS (EI): m/z : calcd for C26H22N3F2B: 425.1875
[M]+ ; found: 425.1875 [M]+ .

Figure 13. Titration spectra of 1 d with HClO4 in EtOH/H2O 4:1 v/v.
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Crystal structure determination : A single crystal of compound 1a was se-
lected under a microscope and mounted on a glass fibre. The unit-cell pa-
rameters and data were collected using a Bruker Smart Apex CCD dif-
fractometer with graphite-monochromatised MoKa radiation (l=

0.71073 �) using the w–2q scan mode. The data were corrected for
Lorenz and polarisation effects. The structure was solved by direct meth-
ods and refined on F2 by full-matrix least-squares methods using the
SHELXTL-2000 program package.[86] CCDC-629010 (1 a) contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Steady-state absorption and fluorescence spectroscopy : Steady-state ab-
sorption and fluorescence measurements were carried out using a Cary
5000 UV/Vis-NIR spectrophotometer, a Bruins Instruments Omega 10
spectrophotometer, a Spectronics Instrument 8100 spectrofluorometer
and a Perkin–Elmer LS50B spectrofluorometer, the latter for fluores-
cence titrations. For all measurements, the temperature was kept constant
at (298�1) K. Unless otherwise noted, only dilute solutions with an ab-
sorbance of less then 0.1 at the absorption maximum were used. Fluores-
cence experiments were performed with a 908 standard geometry, with
polarisers set at 54.78 for emission and 08 for excitation. The fluorescence
quantum yields (Ff) of 1 a–d and 2 were determined relative to rhoda-
mine 101 in ethanol (Ff =1.00�0.02).[87] By employing the traceably
characterised Spectronics Instrument 8100 spectrofluorometer,[88] the un-
certainties of measurement were determined to �5% (for Ff>0.2),
�10 % (for 0.2>Ff>0.02) and �20% (for 0.02>Ff).

Time-resolved fluorescence spectroscopy : Fluorescence lifetimes (tf)
were determined by a unique customised laser-impulse fluorometer with
picosecond time resolution, which we have described in earlier publica-
tions.[29, 89] The fluorescence was collected at right angles (polariser set at
54.78 ; monochromator with spectral bandwidths of 4, 8 and 16 nm) and
the fluorescence decays were recorded using a modular single-photon
timing unit described in ref. [29]. While realising typical instrumental re-
sponse functions of fwhm of approximately 25–30 ps, the time division
was 4.8 ps per channel and the experimental accuracy amounted to
�3 ps, respectively. The laser beam was attenuated using a double-prism
attenuator from LTB and typical excitation energies were in the nano-
watt to microwatt range (average laser power). The fluorescence lifetime
profiles were analysed with a PC using the software package Global Un-
limited V2.2 (Laboratory for Fluorescence Dynamics, University of Illi-
nois). The goodness of the fit of the single decays as judged by reduced
chi-squared (c2

R) and the autocorrelation function C(j) of the residuals
was always below c2

R<1.2. For all the dyes, decays were recorded at
three different emission wavelengths over the BODIPY-type emission
spectrum and analysed globally. Such a global analysis of decays recorded
at different emission wavelengths implies that the decay times of the spe-
cies are linked while the program varies the pre-exponential factors and
lifetimes until the changes in the error surface (c2 surface) are minimal,
that is, convergence is reached. The fitting results are judged for every
single decay (local c2

R) and for all the decays (global c2
R), respectively.

The errors for all the global analytical results presented here were below
a global c2

R =1.2.

Photostability measurements : Photostability studies were conducted with
a customised setup using a 150 W xenon lamp that irradiates a 10 mm
cuvette at 560 nm with a slit width of 15 nm. The spot size of the beam
focused on the cuvette was 1.5 cm2. The samples consisted of 2500 mL
dye solution, adjusted to optical densities of approximately 0.11 and were
exposed for 8 h with an average excitation intensity of 1.1 mW cm�2. The
excitation energy was measured with an Si diode, calibrated by the Physi-
kalisch-Technische Bundesanstalt, to calculate the number of transmitted
and absorbed photons, by taking into account the photonic nature of
light. On the basis of these results, the decrease of the concentration can
be calculated using the Lambert–Beer law.

Measurements of pH : For every step of the pH titration, small amounts
of concentrated HClO4 (1, 0.1 and 0.01 m) were added (microliter pipette,
Eppendorf) directly to the measurement cuvette, filled up with a solution
(2500 mL) containing the dye (approximately 2 mm) in a mixture of
EtOH/water (4:1 for 1 d, 1:1 for the other BODIPY derivatives). The

HClO4 was added in a small amount of typically 1–2 vol % of these
EtOH/water mixtures (2500 mL). The pH was monitored at 298 K using a
digital pH meter (WTW pH 537) equipped with a glass electrode (Met-
tler Toledo InLab 423). Calibration of the instrument was performed
with standard aqueous solutions of pH 4.01 and 6.86 from WTW. The
measured pH value was corrected by taking into account differences in
liquid junction potentials and proton activity coefficients between the sol-
vent mixture of the sample and the aqueous calibration solution accord-
ing to a procedure described in detail in ref. [90]. pKa data were deter-
mined from at least two replicate measurements.

Computational details : The optimisation of the S0 ground-state geome-
tries in the gas phase was performed with the density functional theory
(DFT) method employing the hybrid functional B3LYP with a 6-31G(d)
basis set and energy minimised as implemented in Gaussian 03.[68] The
excitation energies and the oscillator strengths were obtained using the
time-dependent density functional theory (TD-DFT) method at the TD-
B3LYP/6-31G(d) level of theory on the B3LYP/6-31G(d)-optimised S0

geometry.
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