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Fluorinated Boron-Dipyrromethene (BODIPY) Dyes: Bright
and Versatile Probes for Surface Analysis
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A family of bright boron-dipyrromethene-type fluorophores
with a high number of fluorine atoms (F-BODIPYs) has been
developed and characterized by X-ray crystallography and op-
tical spectroscopy. The introduction of 3,5-bis(trifluoromethyl)-
phenyl and pentafluorophenyl moieties significantly enhances
the photostability of such dyes, yielding for instance photosta-
ble near-infrared (NIR) fluorophores that show emission
maxima >750 nm, when the BODIPY’s m system is extended
with two (dimethylamino)styryl and (dimethylamino)naphtha-
styryl moieties, or green-emitting BODIPYs with fluorescence
quantum yields of unity. When equipped with a suitable group
that selectively reacts for instance with amines, F-BODIPYs can

Introduction

Tailor-made surfaces expressing a homogenous distribution of
a certain type of functional group, such as, alcohol, carboxyl,
primary amine, thiol, aldehyde or epoxy, are of paramount im-
portance in many areas of the (bio)chemical sciences. For in-
stance, such surfaces are essential in many bioanalytical or di-
agnostic applications, because these primary functional groups
can be used for further attachment of biomolecules, such as,
oligonucleotides, peptides, sugars, antibodies or enzymes, ren-
dering them suitable for microarray-based assays or as sensory
layers." The efficiency of the immobilization process and the
quality of the final biochemically functionalized surface strong-
ly depend on the density and, even more importantly, on the
accessibility of the surface functional groups.” For the reliable
characterization of the chemical nature and surface concentra-
tion of functional groups, robust and fast analytical tools are
urgently required. Several techniques have for instance been
described to determine the density of primary amino groups
on solid surfaces—many of the respective publications deal
with the characterization of amino groups on polymer surfa-
ces.”) Besides infrared spectroscopic techniques such as Fourier
transform IR (FTIR, especially for thin films)® and time-of-flight
secondary ion mass spectrometry (ToF-SIMS),® X-ray photo-
electron spectroscopy (XPS) is one of the most widely used
methods. However, XPS often shows inferior performance at
low concentrations of surface functionalities and is not suitable
for a direct identification and quantification of amino groups
on surfaces, when these groups coexist with a manifold of
other nitrogen-containing species with similar chemical
shifts.">'? Therefore, protocols have been developed in which
the amino groups are labelled with molecular entities contain-
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be used as potent dual labels for the quantification of primary
amino groups on surfaces by X-ray photoelectron spectrosco-
py (XPS) and fluorescence, two powerful yet complementary
tools for the analysis of organic surface functional groups. The
advantage of reactive F-BODIPYs is that they allow a fast and
non-destructive mapping of the labelled supports with con-
ventional fluorescence scanners and a subsequent quantifica-
tion of selected areas of the same sample by the potentially
traceable XPS technique. The performance is exemplarily
shown here for the assessment of the amino group density on
SiO, supports, one of the most common reactive silica sup-
ports, in particular, for standard microarray applications.

ing elements that are originally not present on the surface of
the samples, for example, fluorine. After the labelling reaction,
the concentration of this new element is assessed by XPS anal-
ysis and directly relates to the concentration of the particular
functional group on the surface. Up to now, the reagents
mostly used for amino-group labelling in XPS analysis are
pentafluorobenzaldehyde (PFB),"*'"  (4-trifluoromethyl)benz-
aldehyde  (TFBA),">'®  3,5-bis(trifluoromethyl)phenylisocya-
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nate"” and trifluoroacetic anhydride (TFAA)."®'® Other nitro-
gen-containing functional groups such as amides, imines and
nitriles do not react with these derivatization reagents. Howev-
er, an intrinsic drawback of XPS is that the limit of detection
for a certain element lies typically at 0.1-1.0 atom-% (at-%),*”
with all the atoms of label, functional group and bulk within
the spot of irradiation counting in. To overcome these quantifi-
cation difficulties of XPS at low labelling concentrations, optical
methods in combination with an adequate labelling technique
have been increasingly employed. Here, both colorimetric®'2*
and fluorometric®?"! methods have been successfully used for
surface-amino-group determination, with the second tech-
nique showing distinctly higher sensitivities. Dansyl hydrazine
and pyrylium dyes are examples of possible fluorescent mark-
ers22) The amino-reactive compound fluram (4-phenyl-
spiro-[furan-2(3 H),10-pthalan]-3,30-dione), which reacts with
nucleophiles in general but forms a fluorescent product only
with primary amines, was successfully employed for various
surfaces.”®* However, translating the signal detected to an
absolute number of functional groups is not trivial. Nonspecific
adsorption and binding can result in enhanced background
fluorescence and quenching phenomena. In addition, whereas
XPS measurements can provide quantitative results that are
traceable to a primary standard,®®*" absolute fluorescence
measurements are an intrinsically difficult task already for ide-
ally dilute solutions,®*? and most fluorescence techniques only
provide relative results. On the other hand, fluorescence scan-
ning techniques are much faster, non-destructive and techni-
cally as well as methodologically much simpler than XPS. For
traceable and quantitative yet rapid surface chemical analysis,
the quest is thus to find a way to directly link both methods
with their unique features.

Boron-dipyrromethene (BODIPY) dyes have up to now only
been rarely used for fluorescence labelling of surface spe-
cies,”” despite their popularity as functional dyes, and the tre-
mendous progress in the BODIPY field during the past ten
years.®**% Moreover, the remarkable versatility of BODIPYs has
sparked intense research on new modification strategies to
enable their attachment to biological substrates and also to
tune their optical properties. Today, BODIPYs are widely used
as biomolecule markers, fluorescent switches, chemosensors
and laser dyes.’*>¥ Several new strategies for their functionali-
zation have recently been developed, among which halogena-
tion of the BODIPY core is particularly interesting because the
introduction of a halogen atom to the dipyrrin core facilitates
further derivatization through aromatic nucleophilic substitu-
tion and palladium-catalyzed coupling reactions.***"! The most
important challenges in recent BODIPY chemistry perhaps in-
clude the development of dyes with longer-wavelength ab-
sorption and emission profiles, and the preparation of dyes
with additional functional groups for covalent attachment.

Based on our experience in the field of BODIPY-dye chemis-
try®>* and being increasingly confronted with the request for
photo- and chemically stable dyes for reliable labelling purpos-
es as well as high-performance dyes for the near infrared (NIR)
region, we embarked on the design, synthesis, characterization
and application of BODIPY dyes containing a high amount of
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fluorine atoms.*™*¥ Regarding the comparability of fluores-

cence and XPS measurements, we reasoned that highly fluori-
nated BODIPY dyes might combine several advantageous fea-
tures, that is, high stability, prominent spectroscopic properties
and considerably low limits of detection for a unique XPS-suit-
able atom such as fluorine. Here, we describe the synthesis
and characterization of a series of novel fluorine-containing
BODIPY-type fluorophores and labelling agents (Scheme 1). In

1:R'=H,R2=Me
2:R"=Et,R2=Me
3:R" = Et, R2 = pAS
4 R'=Et R2=pAN

5 R'=R3=H,R2=Cl
6:R'=H,R2=R%=Me
7:R'=Et, R2=R®=Me
8:R'=Et, R?=pDP,R3 = Me

pDP: 4

CF3

Scheme 1. Chemical structures of the compounds investigated in this work.

addition, some of the BODIPYs were functionalized appropri-
ately via the Knoevenagel condensation to generate styryl-sub-
stituted NIR-emitting fluorophores. The performance of select-
ed dyes as dual XPS/fluorescence labels is studied, providing
detailed results on the chemical composition and distribution
of the immobilized fluorescence labels on aminated SiO, sup-
ports.

Results and Discussion

Fluorine substitution is generally considered as rendering a cer-
tain dye considerably more photostable than its hydrogen-con-
taining analogue, often also improving its spectroscopic char-
acteristics.**>*" For XPS, on the other hand, it is essential to in-
crease the amount of a certain marker atom on a label as
much as possible to achieve better limits of detection. Thus,
the task for a dual XPS/fluorescence label is to increase the
number of fluorine atoms on a dye while still allowing further
attachment of reactive groups or its conjugation to surface
functional groups. Whereas highly fluorinated cyanine dyes are
virtually nonexistent, fluorinated rhodamine and fluorescein
dyes have been reported, yet either their fluorine content is
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not significantly high or the possibilities for further functionali-
zation are limited and synthesis can be tedious.

Based on our own work on fluorinated BODIPYs, 8 we
were intrigued by recent findings of G. Vives et al. that a dye
such as 1, which carries a significant amount of fluorine atoms
(16.2 at-%), reacts with thiols and amines in solution because
the p-fluoro atom is a good leaving group for a nucleophilic
aromatic substitution reaction (Scheme 2);*? and we reasoned
that such pentafluorophenyl-substituted BODIPYs might be
good candidates for our purposes of developing dual XPS/fluo-

rescence labels for surface amino groups.

C,Hs—NH,/K,CO;5
DMF, RT

Scheme 2. Substitution reaction at the pentafluorophenyl moiety observed
by Vives et al.*?

Moreover, besides the facility of fluorine atom introduction,
especially the modularity of BODIPY dyes with the unique fea-
tures of using the meso- and for instance the 3,5-positions in-
dependently for functionalization would allow a facile tuning
of either the fluorine content, the spectral region of absorption
and fluorescence or both by attaching selected substituents to
the 3,5-positions. We thus developed a series of fluorinated
BODIPYs 1-8 (Scheme 1). The fluorine content of these BODI-
PYs increases from 12.7 to 21.6 at-% in the order 2,7, 1, 6, 8
and 5; for comparison, the conventional XPS labels mentioned
above possess a fluorine content between 17.6 and 46.1 at-%.
Although 8 presents a long-wavelength dye with an exception-
ally high fluorine content, 3 and 4 despite their lower fluorine
content also promise to render very photostable NIR dyes due
to their architecture.

Synthesis

The newly synthesized dyes 6 and 7 were obtained in 19 and
45% vyield, respectively, by condensation of the corresponding
aldehyde with 3-ethyl-2,4-dimethylpyrrole (or 2,4-dimethylpyr-
role, respectively) in the presence of trifluoroacetic acid (TFA),
followed by oxidation with p-chloranil, deprotonation with di-
iso-propylethylamine (DIPEA) and complexation with BF;-OFEt,.
Following this synthetic route, the yields of 1 and 2 were in-
creased compared with literature reports (25 and 55 %, respec-
tively)."**¥ Using the mild oxidation agent p-chloranil instead
of previously used 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ),** the formation of side products can be reduced,
rendering improved yields. Moreover, a drop-wise addition of
p-chloranil can apparently slightly increase the yield of 1 even
more, as reported by Vives et al.”? All compounds yielded crys-
tals suitable for X-ray structural analysis (see below).
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The most common approach to introduce functional groups
at 3- and 5-positions of the BODIPY core involves the synthesis
of appropriately substituted pyrroles, which in turn requires
the often time-consuming synthesis of (photo)chemically
rather labile pyrrole precursors. Recent synthetic developments
in BODIPY chemistry thus focused on simpler methods such as
the introduction of chloro substituents at the 3,5-positions and
their subsequent nucleophilic substitution. The substitution re-
action conditions can be adjusted in such a manner that either
mono- or disubstitution occurs. Studies in solution showed
that at room temperature only one chlorine atom is substitut-
ed. The reaction of both chlorine functionalities can be ach-
ieved under more drastic conditions, that is, increased reaction
temperature or addition of a base. As shown in Scheme 3, 5
with two amino-reactive chloro atoms could be obtained in
a three-step synthesis, including chlorination prior to oxidation
and complexation.®**"

FsC CF;

Scheme 3. Synthesis of 5 via a 3-step route. Reagents and conditions: a) TFA;
b) NCS, —78°C; c) DDQ, NEt; followed by BF;-OEt,.

Separation of the intermediates from numerous side prod-
ucts after each step is advantageous over the common
BODIPY one-step procedure. The m-extended mono- and distyr-
yl-BODIPY derivatives 3, 4 and 8 were prepared by a Knoevena-
gel-type condensation in the presence of piperidinium acetate
as catalyst, together with a small amount of activated molecu-
lar sieves to adsorb the water produced during the reaction.
For 8, a stoichiometric amount of dimethylformamide (DMF)
had to be used with dichloromethane to afford the condensa-
tion of 7 with the electron-deficient 3,5-bis(trifluorormethyl)-
benzaldehyde. The desired product could not be obtained in
toluene. Except for 4, products resulting from the single con-
densation reactions were only present in traces and could be
easily separated by column chromatography. The structures of
the new compounds were confirmed by 'H and "*C NMR spec-
troscopy, HRMS as well as X-Ray structure analysis, in case ap-
propriate crystals could be obtained.

X-ray structure analysis

The molecular structures of BODIPYs 1-3 and 5-8 were deter-
mined by single-crystal diffraction analysis, and the corre-
sponding molecular configurations are shown in Figure 1. Se-
lected crystallographic data and structure refinement parame-
ters are listed in Table 1. The observed geometric parameters
of all crystal structures are generally comparable with data pre-
viously reported for other BODIPY-based compounds.”®*? For
comparison, the known structure of 1% was solved by us
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Figure 1. Ortep representation of the compounds investigated by X-ray structure analysis; atomic labelling shown with 30% probability displacement
ellipsoids.

28 www.chemistryopen.org © 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemistryOpen 2013, 2, 25-38


www.chemistryopen.org

Fluorinated BODIPY Dyes

FULL

- ) are virtually identical, implying
Table 1. Selected crystallographic data and structure refinement parameters for 2, 3, and 5-8. L.
the expected delocalisation of
Compd No. 2 3 5 6 7 8 the positive charge. The average
Chemical formula CoHyBFN, CatHiBF N, CiH,BCLFaN, CyHiBFeN,  CosHysBFeN, CasHagBFooN, B—F bond length is 1.390(5) A
Formula Mass [gmol~'] 470.24 732.58 472.96 460.18 516.28 964.49 and the average N-B—N and
Crystal system monoclinic monoclinic monoclinic  orthorhombic monoclinic orthorhombic F-B—F angles are 107.2(3)° and
Space group P2./c C2/c P2,/c Pca2, P2./n Pna2, 110.3(3)° . .
. , respectively. The big-
aldl 87452(7) 16947(5) 23127(3)  25222(4)  89153)  28.715(4) 3 pectively. 9
b Al 11.6694(8) 27.710(6) 9.3301(10)  11.8719(16)  11.515(4)  17.658(3) gest difference in the B—F bond
c[Al 22.5946(14) 7.8970(19) 17.4917(18) 6.9173(12)  24.369(9)  8.6785(12) lengths is found for 8 with
al] 90.00 90.00 90.00 90.00 90.00 90 1.369(8) and 1.424(8)A (see
B 95.630(4)  94.460(15) 91.269(7) 90.00 96.699(6) 90 T .
able S1  for detailed data).
y [] 90.00 90.00 90.00 90.00 90.00 90 )
Unit cell volume [A%] 22947(3) 3697.3(16) 37734(7)  20713(6)  2484.5(16) 4400.5(11) BODIPY 8 also possesses the
Temperature [K] 296(2) 296(2) 296(2) 296(2) 296(2) 296(2) largest rms of the BODIPY core
No. of formula units per 4 4 8 4 4 4 with 0.066 A and an angle of
unit cell, Z
’ 8.9(4)° between the two pyrrole
Radiation type Mo-Kau Mo-Kau Mo-Kau Mo-Ka Mo-Ka Mo-Ka . @) Py
Absorption coefficient 0.119 0.102 0427 0.137 0.123 0.144 rings. The angle between the
[umm™] two phenyl rings of the styryl ex-
No. of reflections measured 4536 14273 42910 21906 20785 54364 tensions in the 3,5-positions is
No. of'lndependent 4536 4518 9330 5011 6166 10722 8.2(4)°, much larger than that
reflections .
Rie 0.0000 0.1155 0.0995 0.1394 0.0552 0.1840 between the respective groups
Final R, values (I>20(/)) 0.0739 0.0544 0.0729 0.0840 0.0688 0.0690 in 3 with only 0.5(8)°, indicating
Final WR(FZ) values (/>20()) 0.1832 0.1027 0.1969 0.2068 0.2026 0.1257 Virtual para"e' arrangement of
Final R, values (all data) 0.1620 0.2418 0.1673 0.1765 0.1397 0.3300 T
the styryl moieties in the latter.
Final wR(F?) values (all data) 0.2138 0.1290 0.2257 0.2390 0.2327 0.1672 yry
Goodness of fit on F2 1073 0.826 0.795 0815 0.950 0628 However, whereas the styryl ex-
CCDC number 893402 893400 893403 893401 893399 905368 tensions and B—F bond lengths

again. All compounds crystallize in a monoclinic or orthorhom-
bic space group with similar crystal packing. Except for 5, no
significant intermolecular interactions such as hydrogen bonds
(H bonds) or m-m interactions are present in the crystal lattices
of the dyes investigated. Only weak mt—m interaction was found
for 6 with a plane-to-plane distance of 4.24 A between the two
pyrrole rings from the BODIPY core. The BODIPY skeleton
formed by three conjugated heterocyclic rings is almost planar,
with an rms deviation ranging from 0.0126 A (for 3) to
0.0659 A (for 8; see Table 2).

In all cases, the boron atom has a slightly distorted tetrahe-
dral coordination with the two fluorine atoms being perpen-
dicularly oriented with respect to the dipyrrin plane. The aver-
age B—N bond length amounts to 1.557(5) A, indicating that all
compounds possess single B-N bonds. The two B—N distances

Table 2. Dihedral angle between dipyrrin core and meso-substituent at
C8 (@ 4p_meso) @and rms deviation of the BODIPY core.

Compd Ogp meso™ [ rms deviation of dp® [A]
2 89.83 (0.10) 0.0289
3 81.61 (0.08) 0.0126
5 59.28 (0.10) 0.0518 (for C1...)
—59.43 (0.09) 0.0297 (for C1'...)
6 81.03 (0.09) 0.0257
7 81.05 (0.08) 0.0224
8 76.14 (0.16) 0.0659

[a] Planes defined by atoms C1-C9,N1,N2,B1 for dp and C10-C15 (or
C10—C15’ or C10,C11,C11a,C12,C12a,C13) for substituent in meso-posi-
tion, see Figure 1. [b] dp =BODIPY core, see footnote [a].
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in 3 are more similar, the aver-
age angle between the styryl ex-
tensions and the BODIPY core is significantly smaller in 8
(25.7°) compared with 3 (33.0°). This overall higher planarity of
the bis-styryl-BODIPY skeleton in 8 leads to a propeller-like dis-
tortion of the BODIPY core,* entailing the observed differen-
ces. Due to steric repulsion from the methyl groups attached
to C1 and C7, the (phenyl or pentafluorophenyl) ring append-
ed to C8 is strongly twisted out of the BODIPY mean plane,
with dihedral angles ranging from 76.1(2)° to 89.8(1)° (Table 2).
An overlay of the respective molecular configurations shows
the differences of the molecular conformations, respectively,
and the different arrangements of the substituents (Figure 2).
The structures of 3 and 8 show the greatest differences, pre-
sumably because of the features discussed above.

Figure 2. Overlay of 3 (grey) and 8 (yellow), 6 (red) and 7 (green), and
1 (cyan) and 2 (magenta).
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In 1, the BODIPY core lies on a crystallographic mirror plane
that bisects the BF, and pentafluorophenyl groups. The dihe-
dral angle between the pentafluorophenyl ring and the tricy-
clic system is thus 90° by symmetry. The asymmetric unit of 3
consists of half a molecule. For symmetry reasons, the two
phenyl rings in the compound are parallel and the BODIPY
core has the lowest rms deviation of 0.0126 A. The asymmetric
unit of 5 contains two different molecules. Due to the lack of
substituents at positions 1 and 7, the dihedral angle, 0y, mesor
between the phenyl ring at C8 and the dipyrrin plane amounts
to only 59.28°/—59.43°, respectively. Figure 3 shows a superpo-
sition of these two molecules. The molecules are arranged in
a head-to-tail fashion in the unit cell. The two meso-phenyl
rings of neighbouring molecules are virtually parallel (Figure 3).
All compounds with CF; groups exhibit large displacement el-
lipsoids for the F atoms, in particular 8, presumably because
they are either disordered or slightly moveable due to missing

K. Rurack et al.

Figure 3. Crystal packing of 5 and overlay of two symmetry independent
molecules, red dotted lines showing m-mt electron interactions.

case of 1, the value of @& is virtually 1 for all solvents, whereas
@; of 6 varies around 0.6, a value that has also been found for
the meso-phenyl analogue of 1, compound 9 (Scheme 4).
This can be explained by the stronger nonradiative decay due

interactions in the crystal lattice.

Optical spectroscopic properties

Table 3 shows the spectroscopic features of the com-
pounds investigated by absorption as well as steady-
state and time-resolved fluorescence spectroscopy in
various solvents with increasing polarity from hexane
to methanol. For all dyes, except 3 and 4, the
maxima of the absorption and fluorescence spectra
are essentially solvent independent (Table 3), indicat-
ing the relatively small change in dipole moment be-
tween the ground and the excited state of these
compounds.®"** BODIPYs 1-8 possess the character-
istic spectroscopic features of BODIPYs including
narrow spectral bands with two absorption maxima,
an intense S,-S,; transition and a weak shoulder at
the high-energy side due to the 0-1 vibrational tran-
sition, an emission band of mirror-image shape and
mono-exponential fluorescence decay kinetics.©" %67
Figure 4 and 5 illustrate the spectral features of the
dyes investigated.

Electrostatic effects such as an enhanced dipole
moment of the 1,3,57-tetramethyl compared with
the 3,5-dimethyl and the 1,3,5,7-tetramethyl-2,6-di-
ethyl BODIPY core lead to a more ionic nature of the
1,3,5,7-tetramethyl core and slightly blue-shifted ab-
sorption bands of 1 and 6 compared with 2, 5 and
7.% When comparing the positions of absorption
and fluorescence maxima for 6 and 1 as well as 7
and 2, only a slight spectral shift occurs through the
variation of the substitution pattern at the meso-
phenyl group from 3,5-bis(trifluoromethyl)phenyl to
pentafluorophenyl, presumably due to stronger elec-
tron withdrawing characteristics of the pentafluoro-
phenyl moiety, which is in line with recent observa-
tions on the influence of such substituents in metal
complex-catalyzed hydroamination reactions.”” The
fluorescence quantum yields, @;, on the other hand
are strongly affected by the meso-substituent. In the

30 www.chemistryopen.org

to the rotation of the trifluoromethyl groups and the strongly
restricted rotation of the pentafluorophenyl moiety by the

Table 3. Selected spectroscopic data of 1-8 in various solvents at 298 K (for addition-
al data, see Table S2).

Compd Solvent® 1, Aem AVys em b 1k x10°8 k., x10°
[nm]  [nm]  [em™] ns] [s'1™ [s~™
1 Hex 517 525 295 1.00 574 1.8 0.0
Et,0 516 523 332 1.00 6.01 1.8 0.0
THF 517 526 331 1.00 553 2.0 0.0
MeCN 5139 521 373 1.00 6.05 1.7 0.0
2 Hex 542 554 400 094 645 15 0.1
Et,0 541 554 401 1.00 6.72 15 0.0
THF 543 555 398 093 6.18 15 0.1
MeCN 5399 553 470 0.85 674 1.3 0.2
3 Bu,0® 723 762 776 029 167 1.7 43
Et,0 723 772 978 028 1.51 1.9 48
THF 737 798 1084 0.15 094 1.6 9.1
MeCN 739" 849 1998 0.05 043 1.2 22.1
4 Hex 692 743 1010 023 139 16 55
Et,0 694 780 1670 0.13 088 15 2.9
THF 699 (830) 2373 0.06 040 15 235
5 Hex 521 536 537 0.12 0.70 1.7 126
Et,0 518 532 578 0.11 071 16 125
THF 518 533 648 0.19 1.09 1.7 7.4
MeCN 5159 530 550 0.19 125 15 6.5
6 Hex 506 516 383 041 2.05 20 29
Et,0 505 514 347 047 241 19 1.8
THF 506 517 420 0.68 3.08 2.2 1.0
MeCN  503™ 513 388 0.62 340 1.8 1.1
7 Hex 531 544 484 0.59 4.13 14 1.0
Et,0 529 543 487 0.65 471 14 0.7
THF 530 543 486 0.76 473 16 0.5
MeCN 5281 541 523 072 529 14 0.5
8 Hex 638 651 313 0.79 483 16 0.4
Et,0 637 651 338 0.79 493 16 0.4
THF 641 657 380 0.70 448 16 0.7
MeCN 637V 650 338 0.80 496 1.6 0.4

[a] Hex=n-hexane, Bu,0=dibutyl ether, Et,0=diethyl ether, THF =tetrahydrofuran,
MeCN = acetonitrile. [b] k,=®;x1;", k,=(1—®)x7,'; measurement uncertainties:
+0.01x10%s™".  [c] €3,p,=76660+4200m 'cm .  [d] &,,,,=67300+1160m 'cm .
[e] 3 is insoluble in hexane. [f] &,,,=752204+4190M 'cm™". [g] &;,,=78230+
1550M'ecm™".  [h] £,,,,=79470+2040M 'cm™".  [i] £;,,=5650041080M 'cm~".
[j] €40s=70500+800 M 'cm .

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Absorption and emission spectra of 1 (—), 2 (——), 5 ( ),
6 (——) and 7 (——) in MeCN.
£ m
: 2
< 3
400 500 600 700 800 900 1000
Alnm
Figure 5. Absorption and fluorescence spectra of 3 (top), 4 (middle) and

8 (bottom) in Bu,0O (—) and THF (—).

Scheme 4. Model compounds 9" and 10! from the literature.

o-fluorine atoms in addition to the 1,7-methyl groups, as sup-
ported by the distinctly higher nonradiative decay rates (k,,) of
6. The crystal structures show almost orthogonal orientation of
the phenyl substituent for all dyes bearing 1,7-methyl groups.
In addition, also for the hexa-alkyl-substituted BODIPY core, an
increased fluorescence quantum vyield is found, when it is
equipped with a pentafluorophenyl moiety; compare data of 2
and 7 in Table 3 and literature values of 10 (Scheme 4), which
are very similar to those of 7.*¥ For 5, which does not possess
the 1,7-alkyl substituents, the dihedral angle between the
BODIPY core and the phenyl moiety amounts to only approxi-
mately 60° (see above), indicating a partial conjugation of
meso-substituent and BODIPY core and a higher rotational
freedom. The first is supported by the bathochromic shift of
the spectra compared with 6 and the latter by the lower fluo-

ChemistryOpen 2013, 2, 25-38

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

rescence quantum yield of <0.2, which is consistent with the
higher k,, value. Distinct bathochromic shifts were found for
the absorption and emission maxima in toluene for 1, 2 and
5-7, which are caused by dispersive interactions between sol-
vent and solute; toluene has a refractive index (np) close to
1.5, whereas all other solvents employed possess values of
13<np<14.

Elongation of the s system by attachment of styryl substitu-
ents at the 3,5-positions distinctly affects the spectral charac-
teristics of the dyes by shifting the absorption and emission
maxima to longer wavelengths (Figure 5). In the case of 8, the
shift amounts to + 110 nm relative to 7.%%7°7? |n the case of 3
and 4, however, the shift is even larger relative to 2 with
values of + 140 and 4200 nm, respectively, depending on sol-
vent polarity (Table 3). Similar effects have been observed pre-
viously for doubly (N,N-dimethylamino)styryl-substituted BODI-
PYs.®? Moreover, not only are the band positions solvato-
chromically shifted but the fluorescence quantum yields are af-
fected as well, resulting in a gradual decrease of the &; value
as the polarity of the solvent increases. Apparently, the charge-
transfer character from the terminal electron-donating dime-
thylamino groups to the more electron-deficient BODIPY core
is enhanced in polar solvents. Although one would perhaps
expect a stronger displacement to the NIR for 4 compared
with 3, because the naphthenyl moieties should provide en-
hanced m-electron delocalization, the opposite effect is ob-
served. The latter is tentatively ascribed to the higher steric
demand of the naphthenyl moieties, which decreases the
degree of planarity within the two naphthostyryl extensions.
Although, unfortunately, all attempts to grow crystals of 4 suit-
able for X-ray structural analysis failed, quantum chemical cal-
culations provided further insight into the molecular peculiari-
ties of 3 and 4. Whereas the dihedral angles between the
BODIPY plane and the meso-substituent differ by only 0.4° and
the angles between the two pyrrole units of the BODIPY core
by only 0.8°, the average angle between the styryl extensions
and the BODIPY core is much higher in modelled 4, 4™,
(41.8°) compared with 3™ (23.6°), as is the angle between the
two styryl extensions (cf. 33.0° for 4 ™9 and 20.2° for 3™; see
Table S3). Another noteworthy difference are the significantly
larger Stokes shifts of 4 compared with 3, which is likely to
arise from an in-plane rotation of the naphthenyl moieties in
the excited state, strengthening m conjugation and therefore
lowering the energy of the excited state (Figure 5). In the case
of 8, for which the X-ray data revealed a more asymmetric
nature and a significant flexibility of the CF; groups even in
the crystalline state, the much broader absorption band
(Figure 5), which is also distinctly broader than that of other
distyryl-extended BODIPYs,”” suggests that this behaviour is
preserved in solution. Only upon excitation, charge redistribu-
tion apparently leads to a planarization and conformational
freezing of the dye so that a typical narrow emission band is
found (Figure 5). In addition, the & values of 8 are characteris-
tically high (Table 3).

As the fluorine substitution at the meso-phenyl group is in-
tended to equip the dyes with an increased photostability, 2,
3, 5, 7 and 8 were compared to 10 under intense laser irradia-
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tion conditions (see Supporting Information for details). In fact,
all the fluorinated dyes show a significantly higher photostabil-
ity under intense illumination, with 8, 3 and especially 5 being
the most photostable. Interestingly, of the dipyrrin dyes, only
the photostability of 5 is comparable to those of the styryl-ex-
tended dyes 3, 4 and 8, which show virtually none or only
minor photobleaching even under intense long-term irradia-
tion, as shown in the Supporting Information and previously
by s, [46-481

Labelling of surface functional groups

Having a selection of pentafluorophenyl-substituted BODIPY
dyes in hand, we strived to follow the work reported in
Ref. [52] and tried to couple 1 and 2 to amino-functionalized
glass slides. However, we were not able to observe significant
binding to the amino surfaces, that is, we could only detect
rather low fluorescence intensities after coupling of these com-
pounds. Apparently, despite testing various modifications of
the original protocol,®? the susceptibility of the pentafluoro-
phenyl moiety for nucleophilic attack is not high enough to
allow a high-yield reaction with surface-bound amino groups.
We thus developed an alternative coupling protocol relying on
an active chloro group in the 3-/5-position of the BODIPY core
and utilized 5 for the purpose. BODIPY 5 combines five main
advantages over previously reported substances for a quantita-
tive and sensitive surface group analysis, that is, two amino-re-
active chlorine moieties at the 3- and 5-position of the dipyrrin
core that can undergo a monosubstitution reaction with nu-
cleophiles under mild reaction conditions, a suitable amount
of fluorine atoms (21.6 at-%) for quantitative assessment by
XPS, a reasonable brightness for rapid analysis through fluores-
cence scanning, an absorption band well within the excitation
range of commercial fluorescence scanners, and a change in
its absorption and fluorescence maxima as a consequence of
exchanging a chloro group by an amino group after a success-
ful labelling reaction.®” As shown in Figure 6, reaction of 5
with a primary alkylamine results in a significant hypsochromic
shift of the absorption band and a bathochromic shift and
broadening of the emission band. Moreover, the reaction con-
ditions can be adjusted in such a manner that either mono- or

A, norm.
‘wlou ‘o

350 400 450 500 550 600 650 700

Alnm
Figure 6. Absorption and emission spectra of 5 (—) and the reaction prod-
uct of 5 and APTES (monosubstitution, —) in toluene, 4., =490 nm.

32 www.chemistryopen.org

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

K. Rurack et al.

disubstitution occurs.”>” In addition, the mono- and disubsti-

tuted products can be distinguished by spectroscopic means,
and both possess spectroscopic features still different from
those of the unreacted dichloro derivative,”>’ allowing for
facile control at any stage of the reaction. Our control studies
in solution have shown that at room temperature only one
chlorine atom is substituted whereas at 110°C, the substitution
of both chlorine functionalities can be accomplished.

Up to now, to the best of our knowledge, probe molecules
that can be used for the labelling of surface functional groups
and can directly be analysed by an optical scanning and an el-
emental analysis technique such as XPS have not been report-
ed. The common scenario either requires the removal of the
label from various supports prepared for XPS analysis and its
separate quantification by an optical method or the labelling
of two different substrates at different concentrations, one
suitable for XPS and the other for fluorescence analysis; in
other cases, the dyes have to be excited by irradiation in the
UV and escape fluorescence scanner excitation.”” Besides the
preparation and characterization of the title compounds, the
main aim of this work thus was to show the general suitability
of our newly developed dyes for dual analysis of individual la-
belled supports by fluorescence and XPS. For this purpose,
amino slides were prepared from cleaned and activated com-
mercial glass slides using a vapour deposition procedure
adapted from Ref. [76]. The amount of 3-aminopropyltriethoxy-
silane (APTES) used in the functionalization procedures was
chosen in such a way that a quantitative surface functionaliza-
tion is reached. After washing and drying, the functionalized
slides were incubated for 24 h with a 0.2 mm solution of 5 in
acetonitrile under stirring at room temperature. A main ques-
tion here was whether for surfaces covered densely with
amino groups, the amount of dye conjugated to the support is
appropriate for unequivocal fluorine atom detection by XPS
while at the same time fluorescence scanning does not suffer
from signal saturation problems.

Fluorescence analysis of slides

Figure 7 shows two representative images obtained with a fluo-
rescence scanner operating at 488 nm excitation of amino-
functionalized slides, one reacted in the above-mentioned way
with 5 and the other one in its native state. Table 4 collects the
relevant fluorescence data retrieved from the scans. Given
a working range of 300-800 V of the scanner’s photomultiplier
tube, the parameter used for the present measurements
(500 V; see Figure 7) makes it obvious that not only the label-
ling procedure yields rather uniform surface coverage but that
the approach realized here leaves enough room for higher and
lower signal intensities, that is, changes in dye concentration.

X-ray photoelectron spectroscopy

XPS analyses were employed on the same slides measured pre-
viously in the scanner to quantitatively evaluate the different
derivatization steps. Through the assessment of atomic ratios
and atomic concentrations (at-%) by this elemental analysis
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Figure 7. Scan images of amino-functionalized slide prior to (bottom) and
after reaction with 5 (top; the part of the slide shown on the left was not
functionalized to facilitate handling) as described in the text; ... =488 nm,
Aem=1550-600 nm (standard green filter in emission), photomultiplier tube
(PMT) voltage =500 V.

Table 4. Fluorescence scanner data of investigated slides.

Fix™  bare glass®  APTESY  APTES+5[I  APTES+5[I1Y 5@

A[ﬂ B[ﬂ C[ﬂ D[ﬂ E[ﬂ
aVygq 17 35 23255 12740 194
SDyg E£17 +23 +3803 +935 +82
avss;, 12 1 7416 5395 72
SDs;,  £10 +12 +991 +268 +38

[a] Average (av) arbitrary fluorescence intensity per pixel and standard de-
viation (SD) for excitation at 488 and 532 nm. [b] Piranha-cleaned slide.
[c] APTES-functionalized slide. [d] Two different APTES-functionalized
slides reacted with 5. [e] Piranha-cleaned slide (without APTES), treated
with 5 and subjected to normal washing/drying procedure. [f] Slide ab-
breviation.

technique, it is possible to determine for instance the entire ni-
trogen or fluorine content introduced by functionalization with
APTES and subsequent reaction with a dye such as 5. On the
basis of the labelling reaction depicted in Scheme 5, the
amount fraction of carbon atoms containing amino groups
[NH,]. that are reactive towards 5 can be derived from the flu-

HoN
+ + HCI
S }
I B+
C3HgN C17H7BCloFgN, CyoH14BCIFgN \\\ )
/S\'\

Scheme 5. Labelling reaction.

(slide E). The latter thus provides a measure for the amount of
unspecific binding of 5 to a bare support and for the quality of
the washing/drying process. The XPS results of the Piranha-
activated (slide A) and the dye-treated, washed substrates
(slide E) revealed high amounts of silicon and oxygen that are
specific for the glass substrate, as well as other glass ingredi-
ents (Ca, Zn, Mg, Al) and small amounts of organic (hydrocar-
bon) contaminations (originating from incomplete substrate
cleaning and/or adsorbed impurities from activation or wash-
ing procedures). In line with only slightly enhanced fluores-
cence from slide E compared with slide A (Table 4), which
might either be due to traces of adsorbed 5 or to slightly
enhanced scattering because of the deposition of unspecific
organic material on the support during the processing, these
results suggest that unspecific adsorption of 5 is negligible.
The content of the carbon and nitrogen components in-
creased significantly after functionalization with APTES to gen-
erate amino-terminated surfaces (slide B). High-resolution spec-
tra of the N 1s region exhibit two components at 399.4 and
401.1 eV, corresponding to amino groups (NH,) and their tight-
ly electrostatically bound ammonium counterparts (NH;*--X"),
which lie at energies between the more common hydrogen-
bonded and protonated amino groups (Figure 52).7%% After
the labelling process, a new fluorine peak with two compo-
nents at 688.5 eV and 686.2 eV related to the CF; and BF, moi-

orine content according to Equation (1).l'*'7.77-81
[F]
[NHz]c: m x 100 (1) Table 5. Formal XPS elemental composition [at-%)] of investigated slides and relevant
atomic number ratios.

Equation (1) follows from the generalized |EC” bareglass®™ APTESY APTES+5() APTES+5() APTES+5() 5"
mass balance law —(CH,);—(NH,), + Al B! e D¢ D% g9
¥ (CF3),CeH3(CoH,BF,N,)Cl, —Cs 17N 5 Fg, 4+ HCl of the C 6.9 51.3 427 444 514 9.2

. . . N 0.6 7.4 7.1 7.2 8.4 1.1
reaction under consideration of y=[F]/8, x=[C]—17y,
. . y=[F/ . [ Y 0 69.1 28.1 30.4 28.3 214 67.0
and Equation (2). Table 5 lists representative XPS re- | 534 132 16.7 153 106 227
sults, and Figure 8 shows the corresponding XPS |F - - 3.0 48 8.1 -
scans. N/C  0.09 0.14 0.17 0.16 0.16 0.12
C/Si 030 3.89 2.56 2.90 4.85 0.41
n y N/Si 0.03 0.56 0.42 0.47 0.79 0.05
[NH,] = ™) 2 100 (2) — . —
N aptes X [a] EC=elemental composition and atom number ratios; elemental composition was

As a reference, we also analysed bare slides only
activated with Piranha solution (slide A, Table 5) as
well as Piranha-treated slides not further functional-
ized but only subjected to the labelling procedure

recalculated for the relevant elements, see Table S4 for further details. [b] Piranha-
cleaned slide. [c] APTES-functionalized slide. [d] Two different APTES-functionalized
slides reacted with 5. [e] Slide D observed at an electron emission angle of 60° instead
of 0°; all other measurements were performed at 0°. [f] Piranha-cleaned slide (without
APTES), treated with 5 and subjected to normal washing/drying procedure. [g] Slide
abbreviation.
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eties of bound dye is detected in the survey and high-resolu-
tion XPS spectra for slides D and E (Figure 8, Figure S3). The
presence of fluorine groups can be verified independently by
a new CF; component at 293.3 eV in the high-resolution C 1s

O1s

1x10°

1x10° |-
1x10° |-

8x10° |-

6x10° |- Nals OKLL

Counts per second

4x10*

2x10*

0
8x10*

7x10*
6x10*

5x10°

4x10*
3x10*

Counts per second

2x10*

1x10*

0
1200

T rrrgr o r o

1000 800 600 400 200 0
Binding energy/eV

Figure 8. XPS survey scan spectra of the dye-covered area of the slides
shown in Figure 7, amino-functionalized slide prior to (slide B, top) and after
reaction with 5 (slide D, bottom; inset shows high-resolution F 1s core level
spectra) as described in the text.

core level spectra after treatment of the APTES-functionalized
slide with 5 (Figure S4). These fluorine-related signals were
absent on the reference supports (slides A and E). In addition,
traces of about 0.2 at-% of chlorine could be detected for the
APTES+5 slides D, supporting the successful labelling step.
Along with the fact that the 5-tethered slides show spectral
features of the monosubstituted reaction product between 5
and APTES (cf. absorption spectra in Figure 6 and fluorescence
excitation spectra in Figure S5), these chlorine traces by XPS
support the presence of only the monosubstitution product
on the slide. The absence of the fluorine peak in the case of
slide E suggests that an activated glass slide without amino
moieties is unable to react with 5 when incubated for 24 h at
room temperature, despite the fact that nucleophilic hydroxyl
groups are present on the surface of the plain activated SiO,
supports, which is again supported by the respective fluores-
cence scanning results of slide E in Table 4. Moreover, the data
listed for slide D at 60° electron emission angle in Table 5
(slide D) further show that the amount of fluorine atoms at-
tached to the outermost layer of the APTES film increases sig-
nificantly to about 8 at-% when measured in a more surface-
sensitive mode to suppress substrate signals (Si and Q). If we
assume that the amino group density achieved under the
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high-loading deposition conditions as employed here amounts
to>3x10" molecules per cm?7%% the concentration of la-
belled amino groups derived from slide D* data of [NH,]~3%
according to Equations (1) and (2) indicates that about 9x
10" NH, groups per cm? have been successfully labelled with
5. Considering that based on the van der Waals radii of
common organic dye molecules such as rhodamines or BODI-
PYs the theoretically achievable surface coverage amounts to
2.5%10" per cm?? the present labelling ratio of only approxi-
mately 3% suggests that the high-loading deposition proce-
dure adapted from Ref.[76] indeed produces APTES films,
which are thicker than a monolayer. Such a behaviour has
been reported before for APTES and other deposition tech-
niques.®*® Apparently, the opposed trends found in the XPS
and fluorescence results discussed above, that is, a decrease in
fluorescence intensity upon going from slideC toD yet
a slight increase in fluorine content, indicates that more dye
molecules undergo unspecific interaction with the thicker
APTES film on slide D or interact with each other, leading to
self-quenching effects. This is supported by the differences in
fluorescence signals obtained from 488 and 532 nm excitation
(Table 4) as well as by the red-shifted fluorescence spectra of
slide D (Figure S5), longer wavelengths usually leading to pre-
ferred excitation of dye species that are energetically stabilized
through interaction with the surface or other dye molecules.®®

Conclusion

The work presented here describes the preparation, crystallo-
graphic and spectroscopic characterization of a family of
boron-dipyrromethene (BODIPY) dyes containing various fluori-
nated substituents. Whereas the spectral features of the dyes
are typical for such type of BODIPYs, some of the dyes show
an exceptional brightness, especially 1 and 2, and virtually all
of them an improved photostability. Interestingly, control of
the conformation and planarity of the styryl extensions in red/
NIR-emitting BODIPYs 3 and 4 by choice of the styryl's aromat-
ic unit allows a tailoring of the Stokes shifts of such dyes to
a significant extent. Deviations from planarity and symmetric
arrangement in the ground state and a planarization upon ex-
citation also govern the spectroscopic behaviour of nondonor
styryl-extended BODIPYs such as 8.

A particularly exciting aspect of our work is the successful
use of the very photostable compound 5 as a dual XPS/fluores-
cence label, which allows to obtain quantitative information
on the chemical composition from selected spots of a labelled
substrate after exactly the same substrate has been screened
by fluorescence scanning without the need of any additional
processing step. As we have shown, highly 3-aminopropyltri-
ethoxysilane (APTES)-covered surfaces are detectable by oppo-
site trends in the XPS and fluorescence data, presumably due
to the stronger interaction of dye molecules attached to multi-
layer type, irregular APTES films with a higher surface rough-
ness. The fluorine contents found for the labelled slides pre-
pared here suggest that also the less densely APTES-functional-
ized slides can be analysed by this method combination. How-
ever, if the functional group density on the surface would be
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reduced by two orders of magnitude or more, a next genera-
tion of fluorescent labels with an even higher fluorine content
has to be developed. Currently such work is in progress in our
laboratories.

Experimental Section
General

All reagents were obtained from commercial suppliers and used
without further purification unless otherwise indicated. All air- and
moisture-sensitive reactions were carried out under argon atmos-
phere in oven-dried glassware. TLC was performed on Merck silica
gel 60 F254 TLC plates with a fluorescent indicator for 254 nm exci-
tation. Compounds were visualized under UV light at 254 nm.
Column chromatography was carried out with Merck silica gel 60
(0.040-0.063 mm) using the eluents specified (Hex=hexane, PE=
petroleum ether). NMR measurements were carried out on
a Bruker AV 400 or on a Bruker AVANCE Il 500 at 27 °C using resid-
ual protonated solvent signals as internal standard ('H: 8 [CDCl;]=
7.26 ppm and "C: §[CDCl;]=77.16 ppm). Assignments are based
on chemical shifts and/or DEPT spectra (Ar is used as abbreviation
for assigning aromatic moieties). '°F NMR assignments are based
on multiplicities and integration of correlated signals. HRMS was
performed with a Thermo Scientific Exactive Orbitrap in the posi-
tive ion mode using the Thermo Xcalibur operating and data ac-
quisition software or on a Waters LCT Premier XE. UPLC was per-
formed with a Waters UPLC Acquity equipped with a Waters LCT
Premier XE mass detector for UPLC-HRMS, with Waters Alliance sys-
tems (consisting of a Waters Separations Module 2695, a Waters
Diode Array detector 996 and a Waters Mass Detector ZQ 2000)
equipped with a Acquity BEH C18 (2.1 x50 mm) column. The melt-
ing points (mp) measured with a hot stage microscope Galen llI
(Leica) are uncorrected. UV-vis absorption spectra were recorded
on an Analytik Jena Specord 210 Plus spectrophotometer. Steady-
state fluorescence measurements were carried out on a Horiba
Jobin-Yvon FluoroMax-4P spectrofluorometer and a Spectronics In-
strument 8100 spectrofluorometer, using standard 10 mm path
length quartz cuvettes. Fluorescence lifetimes were determined
with a unique customized laser impulse fluorometer with picosec-
ond time resolution described elsewhere.*"#” The fluorescence life-
time profiles were analysed using the Horiba Scientific software
package DAS 6. All solvents employed for the spectroscopic meas-
urements were of UV spectroscopic grade (Aldrich). Corning plain,
pre-cleaned micro slides (75x25 mm) were used for further func-
tionalization steps.

X-ray structure analysis, X-ray diffraction

Single-crystal X-ray intensity data were collected at 216 K on
a Bruker APEX-II diffractometer with a CCD-area detector, equipped
with a graphite monochromator using Mo-Ka-radiation (1=
0.71073 A). Data reductions and absorption corrections were per-
formed with the Bruker AXS SAINT®82% and SADABS®” packages,
respectively. The structures were solved by direct methods and re-
fined by full-matrix least-squares calculations using the programs
SHELXS/L®"?  Anisotropic displacement parameters were em-
ployed for nonhydrogen atoms. The hydrogen atoms were treated
isotropically with Uy, =1.2 times the U, value of the parent atom.
CCDC-893399-893403 and 905368 contain the supplementary crys-
tallographic data (excluding structure factors) for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk.
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Scanning and data analysis

All glass slides were scanned at 488 nm and 532 nm using a Molec-
ular Devices Axon GenePix® 4300 A fluorescence scanner at 20 um
resolution. These signals were collected with 16-bits-per-pixel reso-
lution. The images were analysed with the GenePix Pro 7.1 soft-
ware provided by the manufacturer. A grid of 5x6 spots (each
3 mm in diameter) was used to average the fluorescence signal on
the dye covered area, and the background was averaged using
a grid of the same dimensions on the uncovered area.

X-ray photoelectron spectroscopy

XPS measurements were carried out with an Kratos Analytical AXIS
Ultra DLD photoelectron spectrometer. XPS spectra were recorded
using monochromated Al Ko excitation at pass energies of 80 eV
for survey and 20 eV for high-resolution core-level spectra. Addi-
tionally, the charge neutralization system was applied. The electron
emission angle was 0° or 60° and the source-to-analyzer angle was
60°. The binding energy scale of the instrument was calibrated fol-
lowing a Kratos Analytical procedure, which uses 1SO 15472 bind-
ing energy (BE) data.”**¥ The binding energy scale was corrected
for static charging by using BE=285.0 eV for the aliphatic C 1s
component.” High resolution C 1s, N 1s, and F 1s core level spec-
tra were analysed using the Casa Software CasaXPS peak fit pro-
gram. In curve fitting of core level spectra, full widths at half maxi-
mum were constrained to be equal and a Gaussian/Lorentzian
product function peak shape model (G/L=30) was used in combi-
nation with a Shirley background.

Synthesis

General procedure for BODIPYs 1, 2, 6 and 7: BODIPYs were pre-
pared according to Ref.[54]. The corresponding aldehyde
(4.0 mmol, 1.0 equiv) and pyrrole (8.0 mmol, 2.0 equiv) were dis-
solved in dry CH,Cl, (70 mL) under argon. A few drops of trifluoro-
acetic acid (TFA) were added and the solution was stirred at RT in
the dark until total consumption of the aldehyde (monitored by
TLQ). Tetrachloro-p-benzoquinone (983.5 mg, 4.0 mmol, 1.0 equiv)
was added and the mixture was stirred for an additional 5 min.
The reaction mixture was then treated with N,N-diisopropylethyl-
amine (DIPEA; 5.0 mL, 28.0 mmol, 7.0 equiv) and BF;-OEt, (5.5 mL,
44.0 mmol, 11.0 equiv). After stirring for 15 min, the dark solution
was washed with H,O (3x50 mL). After extraction of the aqueous
phase with CH,Cl, (3x50 mL), the combined organic solutions
were dried over Na,SO,, filtered and concentrated in vacuo. The
crude product was purified by silica-gel flash column chromatogra-
phy (CH,CI,/PE or toluene as eluent).

8-(2,3,4,5,6-Pentafluorophenyl)-1,3,5,7-tetramethyl-4,4-difluoro-
4-bora-3 a,4 a-diaza-s-indacene (1): Compound 1 was obtained as
orange crystals (414 mg, 25%): mp: 231°C; 'HNMR (500 MHz,
CDCly): 6=1.62 (s, 6H, 2xCH;), 2.57 (s, 6H, 2xCH,), 6.06 ppm (s,
2H, 2xCH); "F NMR (471 MHz, CDCl,): 6 =—159.77 (dt, 2F, J=21.3,
7.0 Hz; 2xF,), —150.77 (t, 1F, J=209 Hz, F,), —146.39 (dd, 2F, J=
64.5, 32.1 Hz, BF,), —139.50 ppm (dd, 2F, J=21.9, 7.3 Hz, 2xF,);
MS (ESI+): m/z IM+H]" caled for CgH,,BF;N,: 415.122, found:
415.128.

8-(2,3,4,5,6-Pentafluorophenyl)-1,3,5,7-tetramethyl-2,6-diethyl-

4,4-difluoro-4-bora-3 a,4 a-diaza-s-indacene (2): Compound 2 was
obtained as orange-red crystals (1.04 g, 55%): mp: 206°C; 'H NMR
(400 MHz, CDCly): 6=1.02 (t, 6H, J=7.6 Hz, 2xCH,), 1.51 (s, 6H, 2%
CH,), 2.34 (g, 4H, J=7.6 Hz, 2x CH,—CH), 2.55 ppm (s, 6H, 2x CH,—
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CHy); FNMR (471 MHz, CDCly): 0=-160.07 (dt, 2F J=22.38,
79Hz 2xF,), —151.30 (t, 1F, J=20.6 Hz, F,), —145.96 (dd, 2F, J=
65.4, 32.2 Hz, BF,), —139.47 ppm (dd, 2F, J=22.7, 7.0 Hz, 2xF,);
HRMS (ESI+): m/z [M+H]" calcd for C,3H,,BF,N,: 471.1837, found:
471.1836.

8-(3,5-Bis(trifluoromethyl)phenyl)-1,3,5,7-tetramethyl-4,4-di-
fluoro-4-bora-3 a,4 a-diaza-s-indacene (6): Compound 6 was ob-
tained as orange crystals (350 mg, 19%): mp: 180°C; 'H NMR
(500 MHz, CDCl,): 6=1.36 (s, 6H, 2xCH,), 2.60 (s, 6H, 2xCH,), 6.07
(s, 2H, 2xCH), 7.84 (s, 2H, 2xCH,), 8.04 ppm (s, 1H, CH,); HRMS
(ESI+): m/z [M+H]" caled for CyH;BFgN,: 461.1429, found:
461.1422.

8-(3,5-Bis(trifluoromethyl)phenyl)-1,3,5,7-tetramethyl-2,6-dieth-
yl-4,4-difluoro-4-bora-3 a,4 a-diaza-s-indacene (7): Compound 7
was obtained as a greenish red, shining solid (929 mg, 45 %): mp:
175°C; '"HNMR (500 MHz, CDCly): 6=0.99 (t, 6H, J=7.6 Hz, 2x
CH,—CH,), 1.22 (s, 6H, 2xCHs), 2.31 (q, 4H, J=7.6 Hz, 2x CH,—CH,),
2.54 (s, 6H, 2xCHs), 7.84 (s, 2H, 2xCH,), 8.03 ppm (s, 1H, CH,);
HRMS (ESI+): m/z [M+H]" calcd for C,sH,sBFgN,: 517.2055, found:
517.2046.

8-(3,5-Bis(trifluoromethyl)phenyl)-3,5-dichloro-4,4-difluoro-4-
bora-3 a,4a-diaza-s-indacene (5): Pyrrole (50.0 mL, 720 mmol,
25.0 equiv) and  3,5-bis(trifluoromethyl)benzaldehyde (6.97 g,
28.8 mmol, 1.0 equiv) were added to a dry round-bottomed flask
and degassed with argon for 10 min. TFA (222 uL, 2.88 mmol,
0.10 equiv) was added, and the solution was stirred under argon at
RT for 30 min. After quenching with NaOH (50 mL, 0.1 m), EtOAc
(50 mL) was added. The organic phase was washed with H,0O, dried
over Na,SO,, and after extraction with EtOAc (50 mL), the solvent
was removed in vacuo to afford a brown oil. Excess pyrrole was re-
moved trough bulb-to-bulb distillation (80°C, 0.1x 1072 bar). After
purification by silica-gel flash column chromatography (1:1 v/v
CH,CI,/PE), the brown solid (8.0 g) was dissolved in dry tetrahydro-
furan (THF; 300 mL). The solution was purged with argon and
cooled to —78°C, and a suspension of N-chlorosuccinimide (8.20 g,
61.4 mmol, 2.0 equiv) in THF (50 mL) was added. The reaction mix-
ture was stirred at —78°C for 2 h and placed in the freezer over-
night at —20°C. After stirring at RT for an additional 5h, H,0
(150 mL) was added. Following extraction with CH,Cl,, the organic
layer was dried over Na,SO, and filtered, and the solvent was re-
moved under reduced pressure, and the residue was chromato-
graphed on silica gel (1:2 v/v CH,CI,/PE). The intermediate (4.7 g,
0.011 mol, 1.0 equiv) was dissolved in CH,Cl, (200 mL), and 2,3-di-
chloro-5,6-dicyano-1,4-benzoquinone (DDQ; 2.5g, 0.011 mol,
1.0 equiv) in CH,Cl, (70 mL) was added. After stirring for 1 h at RT,
N,N,N-triethylamine (TEA; 20 mL, 0.144 mmol, 13.0 equiv) and
BF;-OFEt, (20 mL, 0.160 mmol, 20.0 equiv) were added slowly under
vigorous stirring. After stirring overnight, the solvent was removed
in vacuo. The dark brown residue was dissolved in CH,Cl, (100 mL)
and washed with NaHCO; (5% m/v, 1x80 mL) and H,O (1x80 mL).
After extraction of the aqueous phase with CH,Cl, (3% 100 mL), the
combined organic solutions were dried over Na,SO,, filtered and
concentrated in vacuo. The crude product was purified by silica-gel
flash column chromatography (4:6 v/v CH,Cl,/PE). Red crystals of 5
were obtained (882mg, over all 6%): mp: 228°C; 'HNMR
(500 MHz, CDCly): 6=6.51 (d, 2H, J=4.4Hz, 2xCH), 6.72 (d, 2H,
J=44Hz, 2xCH), 7.98 (s, 2H, 2xCH,,), 8.11 ppm (s, 1H, 2xCH,,);
HRMS (ESI-): m/z [M—F]~ calcd for C,,H,BFgN,Cl,: 452.9962, found:
452.9979.

[46-48]

BODIPYs 3 and 4: 3 and 4 were prepared as described earlier.
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Bis-(3,5-(3,5-bis(trifluoromethyl)phenyl)vinyl)-8-(3,5-bis(trifluoro-
methyl)phenyl)-1,7-dimethyl-2,6-diethyl-4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (8): Compound 7 (0.103g, 0.2 mmol,
1.0equiv) and  3,5-bis(trifluoromethyl)benzaldehyde (74 pL,
0.46 mmol, 2.3 equiv) were dissolved in CH,Cl, (10 mL) and dime-
thylformamide (DMF; 10 mL ). After addition of glacial acetic acid
(150 pL, 2.6 mmol, 13.0 equiv) and piperidine (180 uL, 3.1 mmol,
15.5 equiv), the reaction mixture was refluxed for 26 h with a small
amount of 4 A molecular sieves. The solvents were evaporated in
vacuo, and the blue solid was directly chromatographed on silica
(3:7 v/v CH,CIL,/PE) to obtain cyan needles of 8 (41.0 mg, 21%):
mp: 303°C; "H NMR (500 MHz, CDCl;): 6=1.21 (t, 6H, J=7.6 Hz, 2x
CH,—CH,), 1.31 (s, 6H, 2xCH,), 2.64 (q, 4H, J=7.5 Hz, 2xCH,—CH,),
7.35 (d, 2H, J=16.8 Hz, CH=CH), 7.84 (s, 2H, 2xCH,,), 7.85 (d, 2H,
J=16.7 Hz, CH=CH), 7.91 (s, 2H, 2xCH,), 7.99 (s, 4H, 4xCH,),
810ppm (s, 1H, CH,); MS (ESI-): m/z [M—H]" calcd for
C43H,0BF 50N, 963.203, found: 963.200.

Activation and functionalization of glass slides: Commercial glass
slides were activated with freshly prepared piranha solution (3:1
v/v concd H,SO,/H,0,) for 2 h, washed thoroughly with MilliQ H,O
and stored under H,0, no longer than one week prior to use. Ac-
cording to a recent publication, the best aminosilane functionaliza-
tion is achieved by using a vapour deposition procedure.” For
this purpose, 3-aminopropyltriethoxysilane (APTES; 100 uL, 10%
v/v) in dry toluene were added into a 125 mL PFA bottle under
argon, and two activated and carefully dried glass slides were
placed in the bottle, which was heated for 2 h at 150°C. The slides
were removed from the bottle and rinsed with acetone and iso-
propanol, followed by sonication in iso-propanol, rinsing with iso-
propanol and H,0, and drying with a slide centrifuge. The washed
and dried slides were placed in a solution of 5 in MeCN (25 mL,
0.2mm) in a 50mL centrifuge tube and incubated overnight
under stirring at RT. The slides were subsequently washed as de-
scribed for the functionalization (see above). The functionalized
and incubated slides were stored under argon and removed from
the protecting atmosphere just prior to the measurements.

Computational details

The optimization of the S, ground state geometries in the gas
phase was performed with the density functional theory (DFT)
method employing the hybrid functional B3LYP with a 6-31G basis
set and energy-minimized as implemented in Gaussian 03.°°
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