W) Check for updates

@} ChemPubSoc

CHEM CHEM

DOI: 10.1002/cptc.201900235

On the Aggregation Behaviour and Spectroscopic
Properties of Alkylated and Annelated Boron-
Dipyrromethene (BODIPY) Dyes in Aqueous Solution

Ana B. Descalzo,*™*® Pichandi Ashokkumar,®9 Zhen Shen, and Knut Rurack*™?

The tendency of boron-dipyrromethene (BODIPY) dyes to
associate in water is well known, and usually a cause for inferior
fluorescence properties. Synthetic efforts to chemically improve
BODIPYs" water solubility and minimize this problem have been
numerous in the past. However, a deeper understanding of the
phenomena responsible for fluorescence quenching is still
required. Commonly, the spectroscopic behaviour in aqueous
media has been attributed to aggregate or excimer formation,
with such works often centring on a single BODIPY family.
Herein, we provide an integrating discussion including very

1. Introduction

Boron-dipyrromethene or BODIPY dyes have become very
popular for fluorescence labeling, in imaging applications and
for optical sensor development as well as more recently in
photodynamic therapy and organic photovoltaics. Their syn-
thetic versatility and outstanding spectroscopic properties,
especially their remarkably intense emission which is tunable
across a considerably broad spectral range, from the visible to
the near infrared (NIR), are the major reasons for this success.
Among other popular dyes such as fluoresceins, rhodamines
and cyanines, the applications and investigations involving
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diverse types of BODIPY dyes. Our studies revealed that even
subtle structural changes can distinctly affect the association
behaviour of the fluorophores in water, involving different
photophysical processes. The palette of behaviour found ranges
from unperturbed emission, to the formation of H or J aggre-
gates and excimers, to the involvement of tightly bound, pre-
formed excimers. These results are a first step to a more
generalized understanding of spectroscopic properties vs.
structure, facilitating future molecular design of BODIPYs,
especially as probes for biological applications.

BODIPYs have grown disproportionately high over the last two
decades (Figure 1) and the literature reporting the synthesis of
new BODIPYs and a description of their optical and chemical
properties in organic media is abundant."'”" However, rather
few efforts have been devoted to the study of their properties
in aqueous solutions."®* This is surprising because on one
hand the peculiarities of the application of BODIPYs in water
are long since documented even by commercial suppliers® yet
on the other hand many of the aspired applications such as
fluorescence labeling or sensing essentially require operation in
aqueous solution. The reason might be related to the fact that
although they are intrinsically zwitterionic, BODIPYs have a
rather hydrophobic character. The tendency to form dimers,
oligomers or larger aggregates in aqueous media is thus
potentially higher as for the net charged dye classes mentioned
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Figure 1. Increase in publications involving the dye families indicated
(symbols) as well as dyes as such (trend line) in the respective periods
relative to the period 1998-2000 (Web of Science, Clarivate Analytics).>”
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above; cationic rhodamines and cyanines, and anionic fluores-
ceins.

If common BODIPYs are used in water, the main con-
sequences are usually a broadening and/or spectral shift of the
absorption and emission bands and a strong diminution of the
fluorescence, yielding solutions which are only poorly or
virtually non-fluorescent. In contrast, if the dyes are well
dissolved in water, the favorable absorption and fluorescence
features observed for the dye in an organic solvent are
retained. Especially problematic is the case of NIR-emitting
BODIPYs since these chromophores tend to have larger
aromatic structures and are thus more hydrophobic.”*" Several
strategies have been reported to improve the water solubility
of BODIPY dyes®™ such as the introduction of ionizable func-
tional groups - carboxylate, sulfonate"®*** or ammonium®**4
groups - or the functionalization with carbohydrates,
dendrimers,”?’?® poly(ethylene glycol) (PEG) chains!"82'%*3% or
combinations thereof."**"" PEG functionalization can be even
employed for NIR-emitting BODIPYs.['*?2%33342431 Alternatively, it
is also possible to obtain highly fluorescent objects with
hydrophobic BODIPY dyes in aqueous media if they are
encapsulated in polymeric nanoparticles.*” Ziessel et al. have
recently performed an interesting comparative study of the
ability of different hydrophilic groups to improve water
solubility for a series of BODIPYs and derived a water-solubility
scale by determining the partition coefficient and fluorescence
quantum yield for each polar BODIPY dye.”” Introduction of
bulky substituents into the fluorophore core is also a strategy
for decreasing aggregation-induced quenching when poorly
dissolving solvents are employed. For example, a recent work
reports the derivatization of BODIPY dyes with tetraphenyle-
thene moieties.* These derivatives form highly emissive
aggregates in THF:water mixtures when the percentage of
water is >80%.

Based on our experience in the field of BODIPY dyes and
their spectroscopic properties®****! and due to the fact that
we also encountered diverse behaviour of these dyes in water
during various investigations,”®*" we embarked on a study of
the spectroscopic properties of a series of BODIPYs in aqueous
media. As will be detailed below, different spectroscopic
patterns can be expected for BODIPYs in aqueous environ-
ments. While these observations have been attributed to
various types of dimers or aggregates in the past, it is
remarkable to note that only two slightly different BODIPY
cores have been involved in these previous studies (Scheme 1).
In addition, the studies either utilized some kind of chemical
confinement, mostly with biomolecular superstructures, or
aggregate-promoting long-chain substituents to probe BODIPY
structure diversity. To get a better fundamental understanding,
we opted for a more systematic study by employing a series of
structurally differentiated BODIPYs and by excluding any
chemically interacting environment such as micelles, skeleton
backbones or protein pockets. As alluded to above, this is
especially important for dyes which absorb and emit at longer
wavelengths than those shown in Scheme 1. In addition,
precipitation and re-dissolution issues due to the presence (or
as a function of the concentration) of solubilizing entities such

[35,36]
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Scheme 1. BODIPYs investigated in water in previous literature studies.

as vesicles or biomacromolecules can lead to severe errors in
intensity-based measurements. For our study, we employed
several rather simple BODIPYs (R,BDP-Y), a benzene-fused
BODIPY (BBDP-Ph), a series of dihydronaphthalene-fused
BODIPYs (DHNBDP-H, DHNBDP-Me, DHNBDP-Ph) and three
phenanthrene-fused dyes (PBDP-Ph, PBDP-DMA, PBDP-CN),
carrying chemical groups with distinctly different electron
donating or accepting character in the para-position of the
meso-substituent (Scheme 2). Most of these derivatives are
highly fluorescent in organic solvents, and especially interesting
are the BBDP,"”” DHNBDP“® and PBDP"**’ dyes, because they
show a strong fluorescence in the red-NIR spectral region.

1.1. Previous Observations on Association

Before we present our results, it is helpful to reflect the current
state of knowledge on BODIPY association in water. BODIPYs
can aggregate in different ways. For example, in one of the first
works on BODIPY dimers, the authors observed the formation
of two different kinds of ground state dimers, which were
formed under different experimental conditions, so-called D,
and D, dimers (for dye structure, see Scheme 1).? D, dimers
were observed when two LBDP1 dyes were forced to be in
adjacent position by covalently linking them to a protein. D,
dimers appeared when the same BODIPY cores were encapsu-
lated in lipid phases (micelles or vesicles). D, dimers were non-
fluorescent and possessed a blue-shifted absorption with
respect to the monomer band. The structure of the protein was
assumed to allow two LBDP1 to be at distances short enough
for the molecular planes to become parallel, entailing efficient
orbital contact. In the lipid systems, D, dimers were found to
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Scheme 2. Chemical structures of the BODIPYs investigated, arranged according to increasing core alkylation (blue and blue-green arrows), degree of fusion
of additional &t systems to the main BODIPY core (red arrow), increasing distortion of the BODIPY three-membered ring plane (green arrow) and an increasing
electron-donating strength of the substituent in the meso-position (orange arrow).

co-exist with the D, dimers featuring a new red-shifted
absorption band. Upon excitation, an emission band centered
at ca. 630 nm was thus observed, red-shifted with respect to
the emission of the monomer (at ca. 515 nm). From exciton
theory, the authors concluded that the higher-energy transition
observed for D, dimers corresponds to the planes of two
BODIPY moieties stacking upon each other so that the
electronic transition dipoles are preferentially parallel. On the
other hand, the band at lower transition energy observed for
D, dimers was attributed to the molecular planes of LBDP1

ChemPhotoChem 2020, 4, 120-131 www.chemphotochem.org

being located within the same plane with preferentially
collinear transition dipoles.

In a related work, the same authors discarded excimer
formation to be the cause for the emission of the D, dimers at
630nm on the basis of fluorescence anisotropy
measurements.”® In another work, Brennan et al. reported the
use of molecular confinement within a sodium silicate-derived
glass system in which non-fluorescent BODIPY H dimers of
R,BDP-H (Scheme 2) can be formed, without any interference
from higher-order aggregates or fluorescent J dimers.®” The
fluorescence quantum yield of the H dimer was found to be

122 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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close to zero. The authors also described the dimerization of
R,BDP-H in aqueous solution. By performing absorption studies
as a function of time, they observed that in solution the
dimerization presumably proceeded slowly via a non-fluores-
cent aggregate, possibly involving precipitation, because the
bands in the absorption spectrum only decreased non-
specifically over 24 h. After several days, a new blue-shifted
absorption band appeared which was then attributed to the H
dimer according to exciton theory. Besides ground-state
dimerization and different species serving as intermediates,
Howgego et al. put forward the possibility of excimer formation
via prearranged and fixed dimers.”™ The authors prepared
covalently linked, symmetrical dimers of LBDP2 (Scheme 1),
connected via different linkers that provide co-facial arrange-
ment of two BODIPYs with different bite angles between the
planes of the chromophore units, resulting in different overlap
of the chromophores and different electronic interactions.”
They observed that only the compound with the smallest bite
angle showed excimer emission in solution under ambient
conditions. Other authors have also observed that BODIPY dyes
of LBDP1 type can show excimer fluorescence at high local
concentrations when performing studies in membranes.?”~*"
Chujo et al. studied the aggregation behaviour of a series of
amphiphilic LBDP3 dyes (with different PEG substituents) in
mixtures of THF:water.”” One of these BODIPYs showed
aggregates derived from H dimers, forming spherical nano-
particles in aqueous THF (with a diameter of 3.940.6 nm,
assembling into larger aggregates of ca. 100 nm as shown by
TEM images and DLS measurements). Studies carried out in
THF and THF:water mixtures (c4.=10 uM) revealed that an
increase of the water ratio was related to a decrease of the
molar absorption coefficient. An isosbestic point at 480 nm was
observed for one of the dyes, attributed to the two-state
equilibrium in which H dimers grow at the expense of
monomers as the water content is increased. On the other
hand, Ziessel etal. reported NIR fluorescent nanoparticles
formed by the J aggregation of hydrophobic BODIPY dyes in
THF:water mixtures.®™® Aggregation studies of positively
charged (LBDP4) and net neutral (LBDP5) long chain-substi-
tuted amphiphilic BODIPYs in water yielded the formation of H-
and/or J-type aggregates.”***® Temperature- and concentra-
tion-dependent UV/Vis studies revealed that aggregation of
LBDP4 occurs via a cooperative process, resulting in vesicles
with a multilamellar wall structure.” In the case of LBDP5, only
H aggregates were observed, this time leading to spherical
nanoparticles by non-cooperative self-assembly.”® These re-
ports necessitate a more comprehensive understanding of
aggregation of various types BODIPY dyes in aqueous media.

2. Results and Discussion
2.1. Absorption and Fluorescence Properties
The solvatochromism and/or solvatokinetics of most of the

compounds investigated here (Scheme 2) in organic solvents
have been studied earlier by others and us"™’ and the
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relevant data are included in the Supporting Information of this
paper for better comparison (Table S1). In organic solvents,
most of the compounds show moderate to strong fluorescence
(P¢=0.4-1.0), except for the compounds having flexible meso-
phenyl groups (BDP-Ph; &¢~0.02 and R,BDP-Ph; &;=0.17-
0.33) or a donor-acceptor substitution pattern (PBDP-DMA in
polar solvents; @;~0.025). Accordingly, k, and k.. values are
also similar for all compounds in organic solvents with the
above noted exceptions (see Table ST in the Supporting
Information). However, in water most of the compounds show
a diverse spectroscopic behaviour, depending on their chemical
structure which has been investigated in a systematic manner
here. The studies described in this manuscript have been
performed with 1 uM and 5 uM solutions of the corresponding
BODIPY dye in (i) 100% acetonitrile (MeCN, as a reference of a
neat organic medium) and (ii) water with 2.5% (v/v) MeCN; this
small percentage of MeCN corresponds to the small amount of
an acetonitrile stock solution that had to be employed for the
studies in water to circumvent any dissolution errors when
trying to prepare stock solutions directly in water and was kept
constant in all the experiments. In the following, these two
types of solutions will be referred to as “organic” and
“aqueous”.

2.2. Influence of Solvent Composition in Mixed
Organo-Aqueous Solvents

Before embarking on a comparative study of the dyes in the
two different solvents and because we had to employ a
residual amount of acetonitrile from the stock solutions in our
experiments, it is important to assess whether this quantity can
influence the outcomes. We thus studied the behaviour of a
representative dye of each class (see below for details) in
acetonitrile-water mixtures of varying compositions. As Figure 2
shows by the example of PBDP-Ph, a dramatic change in the
spectroscopic properties occurs when the fraction of water
exceeds 60 %. Moreover, this change happens in a considerably
small percentage range of water (see inset of Figure 2) and can
be witnessed in parallel in both, absorption and emission
spectra. A similar behaviour was found for DHNBDP-Me (also
above 60% of water), for R,BDP-Me and R,BDP-Ph (above
70%) and for R,BDP-Ph (above 80%). BBDP-Ph showed gradual

0.04

@M fp,MeCN
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S » o ©

G 20 40 60 80 |;
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Figure 2. Absorption (left) and emission (A, =595 nm) for PBDP-Ph in MeCN
(black) and in mixtures of MeCN:H,O; water content: 48 and 56 % (dashed
black), 70 % (dashed red) and 83 % (red). Inset: Variation of the fluorescence
quantum yield (@) of PBDP-Ph as a function of % H,0 in MeCN. The
concentration of the dye was kept constant at 2 uM in all cases.
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and time-dependent changes already at low water ratios of ca.
20%, with massive spectral changes of the longest-wavelength
band also occurring at >80% of water. Only R,BDP-H did not
show any significant variation over the entire range of solvent
compositions (for comprehensive data, see Figures S1-S5).

2.3. Influence of Dye Concentration

In the case of organic solutions, identical spectroscopic
characteristics are shown by the 1 and 5 uM samples. The only
difference found was a small red-shift of the emission
maximum (1-2 nm) for the more concentrated solutions (c=
5 uM), which is due to re-absorption effects for dyes with such
small Stokes shifts in solutions with absorbances >0.1; this
effect is absent when recording the fluorescence in 1 mm cells
and a front-face geometry. In the case of aqueous solutions,
increasing dye concentration from 1 to 5pM has, in some
cases, additional effects, such as a change in the shape of the
absorption spectrum and deactivation of the fluorescence or
formation of a new fluorescence band. The last will be
discussed in more detail in the next sections.

From the series displayed in Scheme 2, we can classify the
dyes according to their behaviour in aqueous vs. organic
medium as follows: (i) Dyes whose optical properties remain
almost unaltered when changing the medium from organic to
aqueous, and also when increasing the dye concentration in
both solvents from 1 pM to 5 uM (except for the re-absorption
phenomenon discussed above). Here, R,BDP-H and BDP-Ph
belong to this class. (ii) Dyes that display strong changes in the
absorption spectrum in water: a dramatic broadening together
with a hypso- or bathochromic shift with respect to the band in
organic solution; this behaviour is typically stronger at elevated
dye concentration. In conjunction with these spectral shifts, an
offset of the absorption spectra can often be noticed (in
particular after tens of minutes or longer times) indicating that
larger, more insoluble aggregates (or non-specific precipitates)
are formed that increase the scattering intensity of the solution,
producing a decrease in transmission. As discussed in the
literature, it is expected that H aggregates would result in the
appearance of blue-shifted absorption bands, together with a
dramatic quenching of the emission, while J aggregates would
give rise to a red-shifted absorption band. Excitation in this red-
shifted band should ideally yield a narrow, almost resonant
fluorescence. Among the dyes investigated, R,BDP-Me shows
an H aggregate-like behaviour while R,BDP-Ph and R,BDP-Ph
resemble the behaviour expected for J aggregates. (iii) An
intermediate case are R;BDP-H and R,BDP-Ph that do not
display a shift in their absorption maxima, but a pronounced
decrease of the absorption coefficient (¢) and a quenching of
the fluorescence in aqueous samples. It is important to note
that within class (i) to (iii) all the dyes consist of the minimal
dipyrrin core and differ only in their alkyl or phenyl substitution
pattern at the core. When stepping on to more deeply
absorbing and emitting dyes by core-fusion of aromatic -
systems—benzene, dihydronaphthalene or phenanthrene, their
chemical nature becomes more hydrophobic yet still these
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dyes differ in behaviour. Class (iv) shows changes in the
vibronic structure of the absorption band in aqueous solution
compared with the organic counterpart yet largely unaltered
emission bands. The latter are only slightly red-shifted by 3-
4 nm with respect to the emission of the dye in MeCN and
reflect the characteristics of BODIPY (locally excited or LE)
monomer emission (BBDP-Ph). Class (v) and (vi) dyes finally
display only a very weak or virtually no LE emission, but a
broad, structure-less and red-shifted new emission band in the
NIR region (DHNBDP-H, DHNBDP-Me, DHNBDP-Ph, PBDP-Ph,
PBDP-DMA and PBDP-CN).

2.4. Dipyrrin BODIPYs
2.4.1. Class (i): BODIPYs with Good Water Solubility

For R,BDP-H and BDP-Ph, the spectral properties in an organic
solvent and in aqueous solution are almost identical (Table 1).
Figure 3 shows the normalized absorption, fluorescence emis-
sion and excitation spectra in water and MeCN at c=5 uM for
the two dyes. Because of its flexible nature being able to adopt
a non-emissive butterfly-like conformation in the excited state,
the fluorescence of BDP-Ph, the least substituted molecule in
the series studied here, is distinctly lower than for all the other
dyes also in the organic solvent as observed by its more than
100-fold higher k, value when compared to R,BDP-H
(Table S1).16"

2.4.2. Class (ii): BODIPYs Prone to Aggregation

One of the most dramatic effects observed in the absorption
spectra when changing the solvent from organic to aqueous is
that observed for R,BDP-Me, R,BDP-Ph and R,BDP-Ph. These
changes are a function of the dye concentration and of the
time as, apparently, aggregates are forming slowly in solution.
Besides a broadening of the absorption spectra, in the case of
the more concentrated aqueous solutions of the dyes there are
dramatic differences between the absorption and fluorescence
excitation spectra (Figures 4 and 5), indicating the existence of
non-emissive species.

A, norm.
wiou ‘o
A, norm.
‘wliou ‘o

300 400 500 600 700 400 500 600 700 800
A/nm A/nm

Figure 3. Normalized absorption and emission spectra in MeCN (black) and
water (red) at c=5 pM (A, =470 nm) for R,BDP-H (left) and BDP-Ph (right);
excitation spectra (dotted, uncorrected) in MeCN (black) and water (red) are
shown for comparison.
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Table 1. Spectroscopic properties of BODIPY dyes (except for those that show strongly time-dependent behaviour) in organic and aqueous solution at 1 uM
and 5 pM at 298K.
Dye ¢ [uM] Aaps [INM] (€ [10*M'ecm ™)) Aem [NM] 7¢ [ns]
MeCN H,0 MeCN H,0 MeCN H,0
R,BDP-H 1 501 (7.3) 501 (6.1) 506 506 5.28 5.81
5 501 (7.3) 501 (6.4) 507 507 5.42 5.80
R<BDP-H 1 526 (6.4) 526 (3.5) 534 534 5.62 6.07
5 526 (6.3) 527 (2.9) 534 535 5.81 6.14
BDP-Ph 1 497 (5.1) 497 (4.8) 512 512 0.15 0.20
5 497 (5.1) 497 (4.8) 513 513 0.14 0.19
R;BDP-Ph 1 522 (6.8) 524 (3.4) 533 536 5.25 4.41
5 522 (6.8) 524 (3.2) 535 536 5.22 4.39
BBDP-Ph 1 597 (11.8) 607 (2.5) 604 608 5.63 n.d.®
5 597 (11.6) 608 (2.4) 607 608 5.74 0.15, 5.10®
DHNBDP-H 1 558 (7.9) 518 (2.3) 564 567 (w)/772 337 n.d.
5 558 (7.9) 517 (2.3) 566 567 (w)/772 3.32 d
DHNBDP-Me 1 559 (6.4) 565 (2.9) 596 none'¥/713 3.18 n.d.®
5 559 (6.6) 565 (2.9) 597 none'¥/713 3.15 «
DHNBDP-Ph 1 565 (5.8) 550 (3.2)/582 (2.8) 611 none'?/720 1.30 n.d.
5 565 (5.5) 550 (3.1)/582 (2.7) 611 none'¥/720 1.32 d
PBDP-Ph 1 627 (4.1) 639 (1.5) 646 none'¥/g11 5.95 n.d.®
5 627 (4.0) 639 (1.8) 648 none'¥/811 591 n.d.?
PBDP-DMA 1 617 (3.4) 624 (1.2) 623/801 666/778 d nd.®@
5 617 (3.8) 624 (1.2) 623/801 666/778 d n.d.®
PBDP-CN 1 637 (5.6) 648 (2.2) 663 701/846 5.98 nd®
5 637 (5.6 648 (2.2) 663 701/846 591 n.d.?
[a] Not determined because of too low intensity or lying outside of the detection range of the time-resolved setup. [b] Biexponential decay with relative
amplitudes of 0.48 (for 0.15 ns) and 0.52 (for 5.10 ns). [c] For details, refer to the corresponding sections below. [d] “None” refers to the absence of an
appreciable emission band in the wavelength region of the typical BODIPY fluorescence resulting from BODIPY-core-localized excitation (LE emission).

Figure 4 shows the variation of the absorption spectra for
R,BDP-Me in aqueous solution when gradually increasing the
concentration of the dye in the cuvette from 1 to 16 puM.
Besides a strong broadening of the band, an increase in
background signal (offset) is observed, indicating the formation
of particulate objects which produce enhanced scattering.®?
The formation of the aggregates is not only a function of the
concentration, but also of the time. For instance, after 30 min
further changes in the absorption features take place as
illustrated by the 16 uM solution in Figure 4. From the overlay
of absorption and fluorescence excitation spectra in Figure 4
(right) and the similar lifetimes observed in both MeCN
(5.53ns) and water (5.42ns) for 5uM solution it can be
concluded that most of the aggregates formed are virtually
non-fluorescent. The dramatic effect that the simple introduc-
tion of a methyl group at the meso-position (R,BDP-Me vs.
R,BDP-H) exerts on the solubility properties of the dye in

0.20
0.15 .
g m
E 3
< g
0.10 b 3
0.05
0.00-5 o S5 300 400 500 600 700 800
300 400 500 600 700 800
A/nm A/nm

Figure 4. Left: Absorption of R,BDP-Me in aqueous solution at different
concentrations between 1 (black) and 16 uM (red, solid at t=0, dotted at
t=30 min), steps of 2, 5, 10 uM. Right: normalized absorption (black),
emission (red, A.,,=470 nm) and excitation spectra (dotted, A.,,=530 nm) for
1 uM (bottom) and 5 uM (top) aqueous solutions of R,BDP-Me.
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aqueous environments is remarkable. The fact that the
absorption of the aggregates is mainly blue-shifted with
respect to the absorption of the monomer and that the
aggregates are virtually non-fluorescent strongly suggests the
formation of H-aggregates for R,BDP-Me in water.

The behaviour of R,BDP-Ph and R,BDP-Ph in aqueous
samples resembles that of R,BDP-Me: a broadening of the
absorption spectra upon increasing dye concentration and as a
function of time (Figure 5). In this case, however, a red-shifted
band appears at 535 nm for R,BDP-Ph at 5 uM. The full width
at half maximum (FWHM) of this band amounts to only
350 cm™' which is still distinctly narrower than the bands of
rigid and planar BODIPYs such as BBDP-Ph (ca. 550 cm™, see
Ref. [47]). When exciting at this red-shifted band, a new, very
narrow emission band (fwhm=240 cm™") can be observed at

550 600 650 700
Alnm

A, norm.
‘wlou ‘o

300 400 500 600 700 800 400 500 600 700 800
A/nm Alnm

Figure 5. Left: Absorption of R,BDP-Ph in aqueous solution at different
concentrations between 1 (black) and 16 uM (red, solid at t =0, dotted at
t=10 min), steps of 2, 5, 10 uM. Right: Normalized absorption (black),
emission (red, 1.,=470 nm) and excitation spectra (dotted, A.,, =530 nm for
1 uM and A, =555 nm for 5 uM) for 1 pM (bottom) and 5 uM (top) aqueous
solutions of R,BDP-Ph; blue area highlights red-absorbing fluorescent
species. The inset shows the emission of 5 uM R,BDP-Ph in water upon
excitation at 524 nm.
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543 nm. R,BDP-Ph requires higher concentration (>10 pM) to
yield a similar behaviour as R,BDP-Ph (Figure 6). These facts
seem to indicate the formation of J aggregates. Apparently,
R,BDP-Ph and R,BDP-Ph present a different aggregation
pattern than R,BDP-Me, most probably due to the presence of
the orthogonally twisted phenyl substituent in the meso-
position. The latter seems to disfavor a stacking-like arrange-
ment of dye monomers at the expense of a more in-plane
arrangement with preferential head-to-tail collinear transition
dipoles. If we compare the magnitude of the J-bands with
classical J-aggregate forming dyes such as cyanines, it is
obvious that the amount of dye molecules forming the
aggregates is much less in number and hence their order is
lower. Exciton delocalization lengths of > 10 molecules as seen
for cyanines are most likely not reached here®**¥ As has been
recently shown by Werz's group, chemical fixation of BODIPY
units to oligomers can strongly drive J aggregate formation.®!
These authors have also observed that subtle structural
modifications can have a pronounced impact on the nature of
the aggregates formed.

2.4.3. Class (iii): BODIPYs with Low Water Solubility

Regarding this class, again the influence of minor modifications
in the chemical structure of a BODIPY dye on its spectroscopi-

0.0+ A
300 400 500 600 700 800
A /nm
Figure 6. Absorption of R,BDP-Ph in aqueous solution at different concen-
trations between 1 (black) and 16 uM (red, solid at t =0, dotted at
t=10 min), steps of 2, 5, 10 uM. A new narrow red-shifted band is found at

559 nm for 16 uM solution at t=10 min. A representative 3D fluorescence
plot is shown in Figure S6.

A, norm.
‘wiou ‘o

400 500 600 700 800
Al nm

Figure 7. Absorption and emission (normalized) for R;BDP-Ph in organic
(bottom) and aqueous (top) solution at 1 uM (black) and 5 pM (red)
(Aex=490 nm).
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cally manifested aggregation pattern is remarkable. RsBDP-H
and R¢,BDP-Ph, which are structurally closely related to R,BDP-
H and R,BDP-Ph and only differ in the two ethyl substituents
that have been introduced in the 2- and 6-positions, show also
a broadening of the absorption spectrum in water, more
pronounced for the bulkier R.BDP-Ph compared to RsBDP-H,
accompanied by a decrease in € at the absorption maximum
when going from the organic to the aqueous solution (Figure 7,
Table 1). Moreover, a distinct decrease of the emission intensity
is noticed especially for RBDP-Ph (>10x with respect to an
organic solution of similar concentration, s. Figure S5). The
latter however is basically due to the changes in absorption as
the reduction in fluorescence for solutions having similar
absorbance is only 1.2-fold in aqueous compared with organic
solvents, which is well reflected in the only 1.2-fold reduced
fluorescence lifetime in water (Table 1). Comparing absorption
and fluorescence excitation spectra of RRBDP-Ph in organic and
aqueous solution it is obvious that the broadening is much less
pronounced than for the class (i) dyes (Figure S7). We thus
tentatively ascribe the behaviour of RBDP-Ph to a significant
proportion of the molecules forming either non-fluorescent
dimers or existing in a conformation that does not show
sizeable fluorescence upon excitation. RgBDP-H behaves qual-
itatively similar.

2.5. Aromatic Ring-Fused BODIPYs

The dyes containing an aromatic st-system fused to the BODIPY
core present also a broadening of the absorption band in
water. However, the shape of the spectrum does not depend
on concentration (in the concentration interval considered
here). Another more striking feature of this class of compounds
is that the fluorescence intensity is even more dramatically
quenched in aqueous solution than for classes (ii) and (iii).
Moreover, in most cases, a new broad and red-shifted emission
band appears, yet the fluorescence excitation and absorption
spectra show perfect overlap.

2.5.1. Class (iv): Conformationally Reconfigured BODIPYs

In the case of BBDP-Ph, ¢ decreases more than 4 times in
aqueous solution at 607 nm, but when integrating the entire
absorption band corresponding to the S,<S, transition after
conversion to the energy scale (from ca. 13730 to 20470 cm™),
only a ca. 1.4-fold decrease is found for the aqueous vs. organic
medium; qualitatively, BBDP-Ph resembles class (iii) only with
much stronger characteristics. Moreover, the most pronounced
features described for the aggregating dyes above have not
been found for BBDP-Ph. Regarding fluorescence, the emission
is strongly quenched by more than 100x for 1 uM solutions
and even further decreased when increasing the concentration
in aqueous media. The position and the shape of the emission
bands, however, remain rather constant in both solvents, yet
consideration of the fluorescence excitation spectra in aqueous
solution reveals a pronounced mismatch with the absorption
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spectra (Figure 8). The absence of concentration- and time-
dependent changes (below 80% of water) in the absorption
spectra, the only slight change in integral absorption between
490-720 nm and the mismatch between absorption and
excitation spectra suggest that the co-existence of different
ground-state conformers in solution, which cannot interconvert
during the lifetime of the excited state and among one of
which is only significantly fluorescent, is the most probable
scenario for BBDP-Ph. This assumption is supported by
fluorescence lifetime data and fluorescence excitation spectra
as a function of the emission wavelength. For instance,
biexponential decays (Table 1), a long lifetime component of
5.10 ns (similar to the one observed in MeCN) and a new short
component of 0.15 ns, are found across the narrow emission
band with an almost 1:1 ratio of the two species involved and
no significant dependence of the amplitude ratio on emission
wavelength. In addition, observation of the fluorescence
excitation spectra across the emission spectrum between 615
and 670 nm yields identical excitation spectra. Although this
dye is known to possess an orthogonal conformation with
respect to meso-substituent and BODIPY core,*” the occurrence
of propeller-like conformations has been found for other ring-
fused BODIPYs.***849! Induction of such a structural change in a
highly polar solvent such as water would thus not be
unexpected. Moreover, as has been detailed in Ref.[48], the
absorption maxima of conformationally rather differently
twisted BODIPYs are only shifted by a few nanometers (at
most) and the different conformers show virtually identical
dipole moments. The presence of two conformers only differing
in an internal twisting of the meso-substituent with respect to
the BODIPY plane and a certain twisting within the rigid plane
itself would most likely not entail pronounced spectral shifts.
The considerably narrow and monomer-like shape of the
absorption spectra and the similarity of the excitation spectra
do not hint at the formation of aggregates with sizeable
species diversity.

2.5.2. Class (v): BODIPYs Undergoing Excimer Formation

This behavioural class of BODIPY dyes comprises the dihydro-
naphthalene-appended dyes DHNBDP-H, DHNBDP-Me and
DHNBDP-Ph. In the case of the DHNBDPs, a similar situation as
for BBDP-Ph is found. Whereas ¢,,,,, decreases 3.4-times for

A, norm.
‘wiou ‘o
A
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Figure 8. Left: Normalized absorption and emission spectra of BBDP-Ph in
MeCN (solid line) and water (dotted line) at two different concentrations,
1 uM (black) and 5 uM (red). Right: Normalized absorption (red) and
excitation (black, 1., =670 nm) spectra for BBDP-Ph in water at 5 pM.

ChemPhotoChem 2020, 4, 120-131 www.chemphotochem.org

CHEMPHOTOCHEM
Articles

DHNBDP-H, 2.2-times for DHNBDP-Me and 1.8-times for
DHNBDP-Ph in aqueous solution, the reduction of the integral
S,<S, transition amounts to only 1.2-times for the three dyes.
In addition, the influence of concentration on the shape of the
absorption spectra in aqueous solution is insignificant (Fig-
ure 9). In the case of DHNBDP-Me, we tested a series of
concentrations, see Figure 10, confirming the previous observa-
tions of an unchanged spectral shape. The main difference with
respect to BBDP-Ph occurs in emission and excitation spectra
(Figures 10, 11, S8). In the present series, the typical BODIPY-
centered LE emission is only weak or virtually absent and an
additional broad, strongly red-shifted and weakly fluorescent
band is observed. As can be deduced from Figure 11, measure-
ment of the fluorescence excitation spectrum as a function of
observation wavelength across the emission range from ca.
600-850 nm yields a single excitation band only, which addi-
tionally matches the absorption spectrum within the exper-
imental uncertainty. Figures 10 and 11 also show that the ratio

A, norm.
A, norm.
A, norm.

400 500 600 700 400 500 600 700

400 500 600 700
Alnm Alnm Alnm

Figure 9. Normalized absorption spectra of DHNBDP-H, DHNBDP-Me and
DHNBDP-Ph in organic (solid line) and aqueous medium (dotted line) at
¢=1uM (black) and 5 pM (red).

0.1puM=..=32uM 3.2uM
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Figure 10. Normalized absorption and fluorescence spectra (1.,=520 nm) of
aqueous solutions of DHNBDP-Me at different concentrations from 0.1 uM
(solid black) to 3.2 uM (red) with steps of 0.2, 0.4, 0.8 and 1.6 pM.
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Figure 11. Left: Absorption (black), emission (red, A.,=530 nm) and excita-
tion spectrum (dotted, A, =780 nm) of DHNBDP-H in water at 5 uM; blue
area highlights absence of any red-absorbing fluorescent species. Right:
Emission spectra (normalized to 1 at the red emitting band, 1.,=530 nm) for
aqueous solutions of DHNBDP-H at different concentrations from 0.1 uM
(solid black) to 5 uM (red) with steps of 0.2 and 1 pM.
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between the LE and the red-shifted band depends on dye
concentration in aqueous solution; the higher the concen-
tration of the dye is the larger is the red-to-LE band ratio. On
the other hand, however, the excitation spectra at 1 and 5 uM
match for all the DHNBDPs within experimental uncertainty.
The tendency to form the red-emitting species yet differs from
dye to dye as exemplified by a comparison of DHNBDP-H and
DHNBDP-Me in Figure S8.

In contrast to the behaviour of BBDP-Ph described in class
(iv), the match of absorption and fluorescence excitation
spectra in the DHNBDP series entirely rules out aggregate
formation. Instead, the broadening of the spectra in water
should be connected to a higher diversity of ground-state
conformers which would be in accordance with our detailed
investigation of ground-state conformers of dihydronaphtha-
lene-appended BODIPYs published in Ref.[48]. The excited-
state behaviour is dominated by two species, a rather
resonantly emitting one and a strongly bathochromically
emitting one. Such a behaviour can be ascribed to either an
intramolecular charge transfer (CT) process such as twisted
intramolecular charge transfer (TICT)®® or the formation of
excited dimers or excimers.”” A differentiation between both
processes is possible in a straightforward manner by studying
the concentration-dependent behaviour: only in the case of the
bimolecular excimer formation event should the band ratio
depend on concentration. As Figures 10 and 11 impressively
show, the bimolecular process indeed rules in the case of the
DHNBDP dyes. Since excimer formation is rather efficient
already at considerably low dye concentrations, we tentatively
assume that a significant fraction of the dye monomers is
sufficiently close in space, possibly forming loosely connected
dimers which do not entail pronounced absorption spectro-
scopic shifts, for excitation to give rise to an excimer-type NIR
fluorescence. Time-resolved fluorescence experiments support
this assumption. Although three discrete decay components
had to be employed for a global analysis of emission wave-
length-resolved decays to yield acceptable fits with a global-y?
~ 1.0, the fast components of 8 ps (for DHNBDP-H), 31 ps (for
DHNBDP-Me) and 48 ps (for DHNBDP-Ph) only dominates in
the high-energy part of the spectrum as the major decay
component. Species with intermediate lifetimes between 250
and 450 ps dominate in the wavelength range of 650-700 nm
while slowly decaying species of 1.4-2.1 ns are found in the red
region. Moreover, in the case of DHNBDP-H showing the most
pronounced separation of short- and long-wavelength band,
the fast decay component was found as a rise time at
>750 nm. The occurrence of rise times hints at the fact that
the fast decaying species that emits at shorter wavelengths
populates the red emitting species only during the lifetime of
the excited state."®® According to excimer theory, a non-
exponential decay of the monomer’s fluorescence (in the blue
region of the emission spectrum) hints at loosely bound
excimers that already start to dissociate during the lifetime of
the excited state.”!
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2.5.3. Class (vi): BODIPYs Forming Fluorescent Dimers

The last class of BODIPY dyes investigated here comprises the
hydrophobic compounds PBDP-Ph, PBDP-DMA and PBDP-CN
with two phenanthrene rings fused to the BODIPY core. Like for
the DHNBDPs, the common feature of the PBDPs is a broad,
structure-less and strongly red-shifted emission band in
aqueous solution that is not observed in the organic solvent
under the conditions used, except for PBDP-DMA, which
however carries the dimethylanilino unit known to induce CT
emission for BODIPYs in polar solvents.”**® For a more detailed
mechanistic discussion of the CT photophysics of such systems,
the reader is referred to the original publications.**"

In general, the phenanthrene-appended PBDP derivatives
show rather similar properties as the DHNBDPs. The absorption
is considerably broadened in water, the shape persistent and
independent of dye concentration (Figure 12), and a strong
quenching of the emission in water is noticed. The PBDP dyes
show a weak to moderate LE band and a red-shifted CT-like
emission band; observation in both emission bands yields
identical fluorescence excitation spectra, which perfectly match
with the absorption spectra for all the dyes.

At first instance, the absence of a concentration depend-
ence of the red-shifted emission suggests that CT state
formation might be the dominant excited state process.
However, the fact that the sequence of the electron-donating/
accepting strength of the meso-substituents does not reflect
the trend of the red-to-blue band ratio—phenyl > dimeth-
ylanilino > cyanophenyl, that none of the PBDP dyes shows a
red-shifted broad band in a polar protic solvent such as
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‘wou ‘o

A, norm.
‘wiou ‘o

PBDP-DMA

}
I} \\

A, norm.
‘wliou ‘o

e ~

= : S
400 500 600 700 800 600
A/ nm A/ nm

Figure 12. Normalized absorption and emission spectra of PBDP-Ph, PBDP-
CN and PBDP-DMA in organic (solid lines) and aqueous solution (dotted
lines) at 1 uM (black) and 5 uM (red) (A.,=595 nm for PBDP-Ph and PBDP-
CN; 570 nm for PBDP-DMA).

128 © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

85UB017 SUOLULIOD BAIRRID 3|qed!dde 8u) Ag peuenob a1e S Le VO 88N JO S9N 10} AXe1g 17 8UIIUO /B]1/W UO (SUORIPUOD-PUR-SWLSY 0 A 1M Ae.q U UO//SdIY) SUORIPUOD PUe SIS L U3 885 *[7202/T0/60] U0 A%eig18uliuo AB|iM ‘(PepILES Sp OLBISIUIIN) UOKSIAOL [EUOIEN BLRILO0D USIUedS AQ GE2006T0C 21d0/200T 0T/10p/wiod A8 Im Aeld pujuo edoune-A1is Iueyo//sdny woJ papeojumoq ‘Z ‘0202 ‘ZE60L9EZ


https://doi.org/10.1002/cptc.201900235

@} ChemPubSoc

methanol (or only a very weak one in the case of PBDP-
DMA),“? and that the emission maximum of the red emission
of PBDP-DMA occurs at almost the same position in water
(801 nm, see Table 1) as in acetonitrile (798 nm, see Ref. [49])
does not support this assumption. Instead, it is again helpful to
consider excimer theory. When pre-formed excimers are
involved, i.e., when the two fluorophores form rather tightly
bound dimers already in the ground state, excimer formation is
so fast that the conventional kinetic signature of fast decay and
rise times might not be observable with an instrument that can
only resolve a few picoseconds like the one we had available.
Pre-formation of dimers is also supported by considering more
closely the molecular structure of the three dyes in this series.
PBDP-Ph with only planar aromatic entities in its structure can
form the best aligned dimers. Considering electron deficiency/
richness, PBDP-DMA with a p-dimethylamino group at the
meso-phenyl substituent can then form better dimers than
PBDP-CN with a cyanophenyl group. The lowest branch of
Scheme 2 thus has to be rearranged (Scheme 3; Scheme S1).

3. Conclusions

BODIPY dyes that can be well dissolved in water commonly
display identical or very similar spectroscopic properties in
aqueous and organic media. These dyes would be very
interesting for bio-labeling applications or chemical sensing in
realistic media, since their optical properties would not depend
significantly on the polarity, hydrophilicity or proticity features
of the environment, rendering their optical response more
reproducible. However, when screening the literature on
BODIPY-based probes and labels it is apparent that most model
studies are carried out in acetonitrile-water or alcohol-
water®*”? mixtures that utilize 30 vol.-% or more of the organic
co-solvent, before frequently going even to more complex
environments like cells without mentioning whether this step
entails yet other changes in the dye’s association chemistry,
spectroscopic response or photophysical characteristics.”'””
Our present study now indicates, for the first time, that such
assumptions might well hold, for instance, for dyes such as
R,BDP-H or BDP-Ph,” yet that already subtle changes such as
the introduction of a methyl group in the meso-position of the
BODIPY core (R,BDP-Me vs. R,BDP-H) can influence the

N(CH,);

PBDP-Ph PBDP-DMA PBDP-CN

Scheme 3. Decisive modification sequence according to the extent of dimer
formation in PBDP series.
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aggregation pattern of the dyes significantly and consequently,
their optical properties.

In the case of BDP-Ph, the lack of methyl substituents in
the BODIPY core allow for a better rotation of the meso-phenyl
substituent, probably hindering dye aggregation in water and
requiring higher concentrations to induce such features.
R,BDP-Ph, however, with two methyl groups in these positions
displays a pronounced tendency for J aggregation in water.
R,BDP-Ph, which has methyl substituents in the 3- and 5-
position shows a similar J aggregation, but only at higher
concentration. In the case of RgBDP-Ph, structurally very similar
to R,BDP-Ph the presence of two ethyl substituents at the 2-
and 6-positions also seems to inhibit the formation of ordered
spectroscopically active aggregates in water.

Fluorophores with aromatic 7 systems fused to the core do
not seem to form aggregates in water, presumably because the
steric strain of these highly crowded dyes does not allow for a
close encounter and optimum alignment of several monomers
for their electron systems to sufficiently couple. Moreover,
whereas sterically rather rigid BBDP-Ph seems to exist in several
ground-state species that do not interact in the excited state,
the DHNBDPs and PBDPs show excited-state interaction
features. For DHNBDPs, this leads to classical, concentration-
dependent excimer formation, yet pre-formed dimers seem to
govern the behaviour of the PBDPs, leading to an extraordi-
narily large Stokes shift of 170 nm especially in the case of
PBDP-Ph.

Apparently, the spectroscopic features and photophysics of
BODIPY dyes in water are rich. Since these studies were made
in neat water, it is expected that association or excited-state
reaction equilibria are qualitatively retained yet their magni-
tude will depend on electrolyte content, pH, type of buffer or
other properties of real-world aqueous solutions. Figures S8
and S9 show representative results obtained for an initial
screening of DHNBDPs, indicating a good qualitative agree-
ment with the data in Figures 9-11. The diversity reported in
this work impressively stresses the fact that BODIPYs do not
only belong to the class of polymethine dyes and show their
versatility and richness regarding aggregate formation, but that
BODIPYs surpass traditional polymethines such as cyanine dyes
because they also can be designed to show features of
aromatic dyes like excimer formation. Excimer formation for
instance might open the path for the design of functional dyes
that operate according to this principle in an entirely new
wavelength range, shifted for several hundred nanometers with
respect to typical excimer dyes such as anthracene or pyrene.

Experimental Section

Synthesis

Compounds R4,BDP-H, R,BDP-Me, BDP-Ph and R,BDP-Ph were
commercially available. R,BDP-H, which is not commercially
available anymore since several years, has been prepared by us
according to a procedure reported in the literature.”” R,BDP-H was
described in Ref.[46]. The aromatic ring-fused BODIPYs were
prepared as described previously: BBDP-Ph as detailed in Ref. [47];
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DHNBDP-H, DHNBDP-Me and DHNBDP-Ph were published in
Ref. [48]; and the phenanthrene-fused BODIPYs PBDP-Ph, PBDP-CN
and PBDP-DMA in Ref. [44].

Optical Spectroscopy

All solvents employed for the measurements were of spectroscopic
grade and purchased from Aldrich. UV-Vis absorption spectra were
recorded on an Analytik Jena Specord 210 Plus spectrophotometer.
Steady-state fluorescence measurements were measured on Horiba
Jobin-Yvon FluoroMax-4P and Spectronics Instrument 8100 spec-
trofluorometers, using standard 10 mm path length quartz cuvettes
in a 90° standard geometry, with polarizers set at 54.7° for emission
and 0° for excitation. For all measurements, the temperature was
kept constant at 298+ 1 K. Molar absorption coefficients were
obtained from duplicate measurements of a single stock solution.
All the emission spectra presented here were spectrally corrected
as described in Ref.[78]; the excitation spectra are uncorrected.
Fluorescence quantum yields in organic solvents were obtained
with the comparative method as detailed in the Supporting
Information. @; in water could not been measured precisely due to
the presence of species diversity in the ground state at the
excitation wavelength. Moreover, the spectroscopic changes
involving aggregation in water are transient, which makes
fluorescence quantum yield determination of a defined species
impossible.

Measurement solutions (1 pM and 5 puM) of the BODIPYs were
prepared directly in the cuvette either in (i) 100% acetonitrile (as a
reference of a neat organic medium) or in (i) water with 2.5% (v/v)
MeCN, by dilution of a ca. 0.2mM stock solution of the
corresponding dye dissolved in MeCN. The acetonitrile percentage
in water was kept constant in all the experiments. Spectroscopic
measurements have been carried out generally immediately after
the solution preparation (<5 min), except otherwise noted and for
the time-dependent experiments.

Fluorescence lifetimes (zy) were determined by a unique custom-
ized laser impulse fluorometer with picosecond time resolution
which was described earlier by us” The fluorescence was
collected at right angles (polarizer set at 54.7°; monochromator
with spectral bandwidths of 4, 8, and 16 nm) and the fluorescence
decays were recorded with a modular single photon timing unit.
While realizing typical instrumental response functions of fwhm of
ca. 25-30 ps, the time division was 4.8 ps 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 nanowatt to microwatt
range (average laser power). The fluorescence lifetime profiles were
analysed with a PC using the software package Global Unlimited
V2.2 (Laboratory for Fluorescence Dynamics, University of lllinois).
The goodness of the fit of the single decays as judged by reduced
chi-squared (yxg?) and the autocorrelation function C(j) of the
residuals was always below yg’<1.2. Where indicated, several
decays were recorded across the emission spectrum to allow for a
global analysis of decays. Here, the decay times of the species were
linked while the program varied the pre-exponential factors and
lifetimes until the changes in the error surface (y* surface) were
minimal, that is, convergence was reached. The fitting results were
judged for every single decay (local xz?) and for all the decays
(global yg?), respectively. The errors for all the global analytical
results presented here were below a global yz?=1.2.
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