
Journal of
Materials Chemistry C

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Fe

br
ua

ry
 2

01
3.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
1:

33
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
aWestCHEM, Department of Pure and Appli

University of Strathclyde, Glasgow, G1 1XL,
bDepartment of Physics, SUPA, University of

† Electronic supplementary informa
10.1039/c3tc00706e

Cite this: J. Mater. Chem. C, 2013, 1,
2249

Received 23rd November 2012
Accepted 27th January 2013

DOI: 10.1039/c3tc00706e

www.rsc.org/MaterialsC

This journal is ª The Royal Society of
Linear oligofluorene-BODIPY structures for fluorescence
applications†
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Sasikumar Arumugam,a Anto R. Inigo,a Alexander L. Kanibolotsky,a

Robert W. Martin*b and Peter J. Skabara*a

A family of linear oligofluorene-BODIPY structures, containing either a ter- or quaterfluorene unit, have

been prepared, in which the attachment of the oligofluorene chain to the BODIPY unit is switched

between the meso- and beta-positions. Each member of this family was investigated by UV-vis

absorption and photoluminescence spectroscopy, cyclic voltammetry and thermal studies (TGA and DSC)

to determine their suitability as emissive layers in hybrid luminescent devices. One candidate was then

successfully deployed as a down converter to convert UV to visible light.
Introduction

The 4,4-diuoro-4-borata-3a-azonia-4a-aza-s-indacene unit,
hereaer referred to as BODIPY, has attracted signicant
interest in recent years owing to its desirable blend of properties
such as excellent stability, high absorption and uorescence
proles and good solubility in common solvents.1–3 Such prop-
erties have meant BODIPY has found widespread application in
a variety of roles, including biological labelling,4,5 lumines-
cence6–8 and as sensors for pH and ions.9–13 The use of BODIPY
as part of an emissive layer in luminescent devices is an
attractive prospect due to its strong and tunable emissive
properties. However, although strong, the absorption band for
the BODIPY unit is narrow and conned to around 500 nm.1 As
such, coupling of a BODIPY unit with a partner absorbing
component, providing a more complex architecture, is a useful
tactic in the development of designer organic molecules.

Linear extended and monodisperse p-conjugated oligomers
are materials of interest as they provide a comparison to
conjugated polymeric materials, whilst being able to offer
certain advantages over their polymeric analogues, such as
knowledge of the precise molecular structure and complete
synthetic reproducibility.14 We have previously produced
molecules incorporating the truxene15–20 and 1,4-diketo-2,3,5,6-
tetraphenyl-pyrrolo[3,4-c]pyrrole (DPP) cores,21 bonded to two,
three or four oligouorene arms. The DPP-based molecules
showed that the antennae-like arms acted in concert with the
emissive core, resulting in light-harvesting from the
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oligouorene arms and energy transfer to the DPP core. Bo and
co-workers have also shown efficient energy transfer in a series
of star-shaped, monodisperse oligouorene-porphyrins,
bearing oligouorene chains of between 1 and 4 units bound to
the meso-position. All these compounds absorbed in the blue
region, but emitted in the red, due to efficient energy transfer.22

Ziessel and co-workers have described the synthesis and prop-
erties of a unique molecule, consisting of a truxene core sur-
rounded by three different BODIPY units, providing four
separate chromophores within one molecule. Both Dexter and
Förster energy transfer mechanisms contributed to the overall
energy migration process with the BODIPY luminescence
dominating.23 Several accounts of BODIPY-uorene co-poly-
mers, where the ratios of uorene and BODIPY can vary greatly,
have been reported recently,24–27 with a BODIPY-uorene co-
polymer being used in the imaging of rat liver cells. Burgess and
co-workers found that the brightest co-polymers were formed
when approximately four uorene units were present for every
BODIPY motif.27

Here, we present four novel, linear oligouorene-BODIPY
systems (Fig. 1), differing in both the length of oligouorene
chain (either three or four uorenes) and the substitution
Fig. 1 The structures of linear oligofluorene-BODIPYs meso-TFBOD, meso-
QFBOD, beta-TFBOD and beta-QFBOD.
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position on the BODIPY (meso- vs. beta-). The synthetic route for
each will be detailed, and their photophysical properties dis-
cussed to determine their suitability as emissive layers in hybrid
luminescent devices. Hybrid inorganic/organic light-emitting
diode (LED) structures offer the potential to combine the
advantages of each technology, for example, the excellent elec-
trical properties of inorganic LEDs and the broad emission
properties of organic semiconductors.28–30 Such a structure
would provide a means of absorbing higher energy, shorter
wavelength light and, through energy transfer, converting it to
lower energy, longer wavelength visible light.
Scheme 1 Formation of oligofluorene-BODIPYs – reaction conditions: (a) (i) 3-
ethyl-2,4-dimethylpyrrole, cat. TFA, CH2Cl2, 18 h, rt; (ii) DDQ, CH2Cl2, 18 h, rt; (iii)
Et3N, CH2Cl2, 15 min; BF3$OEt2, 18 h, Ar; (b) 15, Pd2(dba)3, PtBu3$HBF4, K3PO4,
THF/H2O (10 : 1), reflux, 72 h; (c) (i) CH3COCl, CH2Cl2, 1.5 h, reflux, Ar; (iii) Et3N,
CH2Cl2, 15 min; BF3$OEt2, 18 h, Ar; (d) ICl, MeOH/DMF (1 : 1), rt, 21 h, Ar; (e) 18,
Pd2(dba)3, PtBu3$HBF4, K3PO4, THF/H2O (10 : 1), reflux, 72 h.
Results and discussion
Synthesis

Initially, formation of the oligouorene arms was achieved via
an iterative approach, whereby the number of uorene units in
the chain was increased stepwise (see ESI for compounds 1–10,
Scheme S1†).15 This provided sufficient quantities of bi-, ter- and
quateruoreneboronic acids (11–13) suitable for coupling to
functionalised BODIPY cores.

Formation of the meso-substituted analogues, meso-TFBOD
and meso-QFBOD, began by initial formation of novel BODIPY
molecule 15, where a dialkylated uorene molecule has been
substituted with a BODIPY motif at the 2-position (at the meso-
position of the BODIPY) and a bromine at the 7-position,
providing a synthetic handle for further functionalisation
(Scheme 1). To form the BODIPY motif, the requisite aldehyde
functionality was necessary for the initial condensation with
pyrrole. Starting from commercially available 9,90-dioctyl-2,7-
dibromouorene, monolithiation and reaction of the subse-
quent lithiated species with DMF furnished monoaldehyde 14
in good yield.22 Formation of 15 was then attempted in a “one-
pot” reaction; however, the resultant mixture was difficult to
purify and several by-products were identied by crude 1H
NMR. As such, a “pseudo-one-pot” protocol was developed,
whereby the reaction mixture was subjected to a mini work-up
aer each of the three synthetic steps. As such, purication was
only attempted aer the third and nal step, furnishing the
required intermediate 15 in good yield (54% over three steps).
Since intermediate 15 contained a suitable handle for transition
metal catalysed cross-coupling, formation of the meso-
substituted linear BODIPYs was realised via Suzuki-Miyaura
cross-coupling with the complementary boronic acids. Now,
with each coupling partner in hand, linear oligouorene-BOD-
IPYs meso-TFBOD and meso-QFBOD were isolated in good
yields using the Pd2(dba)3/PtBu3$HBF4 catalyst system, with
K3PO4 as the base. Each was isolated as a bright red-orange
powder that, when in solution, strongly uoresced under UV
irradiation.

To form the beta-substituted analogues,beta-TFBOD andbeta-
QFBOD, a slightly modied strategy was required (Scheme 1).
Owing to the ease of halogenation of BODIPY at the beta-position,
it was believed that simplemonohalogenationof the BODIPY core
would be facile, allowing direct coupling to the appropriate oli-
gouorene boronic acid. With this in mind, BODIPY 18 was syn-
thesised in two steps from 2,4-dimethylpyrrole 16 through initial
2250 | J. Mater. Chem. C, 2013, 1, 2249–2256
condensation of 16with acetyl chloride, forming the intermediate
hydrochloride salt, thatwas thendeprotonatedandcyclisedunder
standard conditions forming 17.31 To provide the requisite
halogen at the beta-position,monoiodinationwas attemptedwith
carefully controlled stoichiometry to avoid signicant formation
of the di-iodinated by-product, furnishing mono-iodinated BOD-
IPY 18 in moderate yield.32 Formation of the targeted linear beta-
oligouorene-BODIPYs was then achieved through use of ter- and
quateruorene boronic acids (12 and 13) using the conditions
detailed above. Beta-substituted oligouorene-BODIPYs, beta-
TFBOD and beta-QFBOD, were isolated in low yields (19% and
23%) despite the previous success under the same conditions for
the meso-substituted analogues. One possible reason for this is
that the halogen site of 18 is sterically hindered relative to that in
15 due to the two methyl groups on the adjacent carbons.
Absorption, uorescence, electrochemical and thermal
properties

UV-vis absorption spectra for all oligouorene-BODIPY
compounds, recorded as dilute solutions in dichloromethane,
are shown in Fig. 2, with details also shown in Table 1. All
compounds exhibited similar HOMO–LUMO gaps of between
2.20 and 2.26 eV, reecting the signicant structural similarities
across all four compounds. Within the series, it was clearly
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 UV-vis absorption graphs for oligofluorene-BODIPYsmeso-TFBOD,meso-
QFBOD, beta-TFBOD and beta-QFBOD as dichloromethane solutions (�10�5 M).
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evident that separate peaks corresponding to the absorbance
band for the oligouorene fragment and the BODIPY fragment
were present. For example, the oligouorene band was observed
at 354–370 nm, whereas the BODIPY band is present as a lower
energy band from 513–527 nm. When comparing the meso-
substituted compounds and their beta-substituted counter-
parts, the longer oligouorene chain in the quateruorene
analogues meso-QFBOD and beta-QFBOD results in a slight red
shi of 12–13 nm, compared to the teruorene compounds
meso-TFBOD and beta-TFBOD, as well as a larger absorbance,
consistent with a longer effective conjugation length. The low
energy absorption bands of the meso-substituted compound
have a distinct shoulder at the short wavelength region repre-
sentative of vibronic splitting. In the spectra of the beta-
substituted analogues this band is more symmetric, without a
clear signature of vibronic splitting, and the peak is blue-shied
by 13–14 nm; this is due to the effects of the different substi-
tution pattern33 and contributions from various vibronic modes
in beta- and meso-substituted analogues (vide infra).

Key to the employment of such molecules as effective down-
converters for white light emission is efficient energy transfer
between the absorbing and emitting units within the molecule.
Whilst absorbance of the requisite wavelength of light ensures
that materials can be useful in organic solar cells for example,
both absorbance and emission of light, of the appropriate
Table 1 UV-vis absorption and fluorescence data obtained for linear oligo-
fluorene-BODIPYs

lmax abs
(uorene)
(nm)

lmax abs
(BODIPY)
(nm)

HOMO–LUMO
gapa (eV)

lmax em
(nm)

meso-TFBOD 354 526 2.26 537
meso-QFBOD 366 527 2.20 537
beta-TFBOD 357 513 2.23 563
beta-QFBOD 370 513 2.25 564

a Calculated from the longest wavelength absorption edge.

This journal is ª The Royal Society of Chemistry 2013
wavelength, is necessary for down-converter materials for
hybrid LED applications.28–30 In order to determine whether the
synthesised linear oligouorene-BODIPYs were effective in this
role, photoluminescence measurements were recorded in dilute
dichloromethane solutions by excitation at the wavelength
corresponding to the maximum absorption for the oligo-
uorene fragment for each compound respectively. The results
are shown in Fig. 3 and summarised in Table 1. Our hypothesis
that efficient energy transfer from the oligouorene chain to the
BODIPY unit would occur was proven to be correct, with each
compound exhibiting uorescence from the BODIPY unit whilst
under excitation of the oligouorene chain. Once more,
comparison within each substitution series (either meso- or
beta-) is useful. For example, the meso-substituted compounds,
meso-TFBOD and meso-QFBOD, exhibited an intense, narrow
emission band at 537 nm. In contrast, the beta-substituted
series exhibited a broad red-shied emission from the BODIPY
fragments at 563–564 nm, with a Stokes shi of 50–51 nm vs.
10–11 nm for the meso-substituted analogues. The aforemen-
tioned featureless long wavelength absorption bands of the
beta-substituted compounds, as well as the increased Stokes
shis, are evidence of a signicant difference in the structure of
the ground and the rst excited state aer structural relaxation.
Recently, beta-substitution of BODIPY has been used as an
approach for creating materials with a large Stokes shi due to
geometry relaxation of the excited state.34 However, in the case
of each compound it is clear that, despite a change in the
substitution position on the BODIPY core, efficient and effective
energy transfer from the oligouorene absorber to the BODIPY
emitter occurs readily. To support this further, photo-
luminescence quantum yield measurements on meso-QFBOD
gave a value of 0.84 � 0.04, when referenced to the known
BODIPY dye 17 (ref. 35) (see Fig. S9 and S10 in ESI†), a value
which compares favourably with other highly emissive BODIPY-
containing compounds.1

Further information on the performance of these molecules
was investigated by cyclic voltammetry to comprehend the
redox properties of each series. The information is
summarised below in Table 2 (with the spectra available in the
Fig. 3 Normalised fluorescence curves for linear oligofluorene-BODIPYs meso-
TFBOD, meso-QFBOD, beta-TFBOD and beta-QFBOD as dichloromethane
solutions (�10�6 M). Samples were excited at the lmax corresponding to the
oligofluorene chain.

J. Mater. Chem. C, 2013, 1, 2249–2256 | 2251
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Table 2 Electrochemical results for linear oligofluorene-BODIPYs meso-TFBOD,
meso-QFBOD, beta-TFBOD and beta-QFBOD

meso-TFBOD meso-QFBOD beta-TFBOD beta-QFBOD

E1ox (V) +0.69/+0.64 +0.67/+0.63 +0.77/+0.72 +0.77/+0.73
E2ox (V) +0.94/+0.87 +0.86/+0.81 +0.93/+0.88 +0.89/+0.85
E3ox (V) +1.20/+1.10 +1.00/+0.99 +1.20/+1.10 +1.08/+1.00
Ered (V) �1.77/�1.71 �1.66/�1.58 �1.65/�1.57 �1.68/�1.59
HOMOa (eV) �5.23 �5.43 �5.47 �5.49
LUMOa (eV) �3.00 �3.25 �3.26 �3.23
HOMO–
LUMO
gapb (eV)

2.23 2.18 2.21 2.26

a HOMO and LUMO levels are calculated from the onset of the rst peak
of the corresponding redox wave and are referenced to ferrocene which
has a HOMO of �4.8 eV. b Electrochemical HOMO–LUMO gap is the
energy gap between the HOMO and LUMO levels.
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ESI, Fig. S1–S8†). The redox properties of all four compounds
are similar, principally in that they all exhibit three reversible
oxidations and a single reversible reduction. Differences are
revealed however, upon closer inspection. The rst oxidation
potential for the meso-substituted series was observed at E1/2 ¼
+0.65 to 0.67 V, whereas the rst oxidation potential for the
beta-substituted series occurred at slightly higher potentials
(E1/2 ¼ +0.75 V). This rst oxidation wave corresponds to the
formation of a radical cation on the oligouorene,36 so it is likely
that the BODIPY fragment inuences the position that the wave
appears. The second and third oxidation waves are likely to
correspond to the formation of a dication on the oligouorene
chain36 and oxidation of the BODIPY unit.31,37 Once more,
comparisons between the series can be drawn. The teruorene
compounds, meso-TFBOD and beta-TFBOD, showed values
more positive for both the second and the third oxidation
waves, compared with the quateruorene analogues, meso-
QFBOD and beta-QFBOD, reecting the increased oligouorene
effective conjugation length present in the latter. All four
compounds revealed a reversible reduction wave at E1/2 ¼�1.74
to �1.16 resulting from formation of a radical anion on the
BODIPY fragment.33 No further reductive processes were
observed within the analysis window. All the oligomers studied
have a HOMO–LUMO gap of approximately 2.2 eV, with little
difference between the electrochemical and optical values.

Thermogravimetric analysis (TGA) of each of the linear oli-
gouorene-BODIPY samples revealed that all were stable at
temperatures up to ca. 400 �C (Table 3). Furthermore, each
Table 3 Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) of linear oligofluorene-BODIPYs

Temperature at
which 5%
decomposition
occurs (�C)

Total %
decomposition
up to 550 �C Tg (�C) Tc/Tm (�C)

meso-TFBOD 408 71.9 47.97 115.04/171.71
meso-QFBOD 411 60.4 53.12 —
beta-TFBOD 394 58.6 42.63 —
beta-QFBOD 403 53.0 46.63 —

2252 | J. Mater. Chem. C, 2013, 1, 2249–2256
sample showed two distinct decompositions, reecting the fact
that each compound combines two individual structural motifs.
In both sets of compounds, the length of the oligomeric chain is
reected in the percentage decomposition; the larger the
molecule, the lower the percentage decomposition. This is
again shown in the temperature at which 5% decomposition is
observed; with higher temperatures for beta-QFBOD and meso-
QFBOD versus beta-TFBOD and meso-TFBOD.

Differential scanning calorimetry (DSC) revealed all
compounds had a rather low glass transition temperature (Tg)
due to the high numbers of lengthy alkyl chains on the oligo-
uorene fragments. A difference of 4–5 �C was observed
between the teruorene and quateruorene members of each
substitution series. The values for the meso-substituted
compounds were approximately 5–6 �C higher than the beta-
substituted compounds. Additionally,meso-TFBOD is unique in
showing both a crystallisation temperature and a melt
temperature in contrast to the other members of the family (see
Fig. S11 in ESI†).
Demonstration of down conversion of light

In order to demonstrate the down conversion process, meso-
QFBOD was deposited on a commercially available ultra-violet
(UV) LED. The UV LED is based on the AlGaN material system
and emits around 365 nm. The LED die is mounted in a TO46
metal can and is contacted by gold wire bonds. meso-QFBOD
was chosen as the candidate molecule as its absorption
maximum almost coincides with the emission peak of the UV
LED. For the deposition process 30 mg of meso-QFBOD was
dissolved in 1 ml of toluene. A 10 ml drop of this solution was
deposited on top of the LED. Optical microscope images of the
LED with and without the meso-QFBOD and under a forward
current are shown in Fig. 4(a)–(c). As seen in Fig. 4(b) most of
the molecule has accumulated around and between the two
contacts.

Electroluminescence (EL) spectra under a forward current of
5 mA of the uncoated and meso-QFBOD coated UV LED are
displayed in Fig. 4(d). A weak defect band is observed around
585 nm. The emission from the LED with meso-QFBOD is also
plotted in Fig. 4(d). The emission from meso-QFBOD is clearly
visible as a broad peak in the region of 600 nm and dominates
over the LED defect band. Additionally, subtraction of the
spectrum of the uncoated LED from the spectrum of the LED
coated with meso-QFBOD shows almost no change, suggesting
that the emission peak at 585 nm originates from the organic
material, with a negligible contribution from the defect band of
the LED (Fig. S12†). The two spectra are normalised to the
365 nm emission to see the relative ratio between the two
emission peaks. The LED main emission peak is unchanged,
whereas the maximum of the higher wavelength peak is shied
to approximately 590 nm and its intensity is increased relative
to the main LED emission. This change can be associated with
emission from meso-QFBOD, which is pumped by the 365 nm
line of the UV LED. The steeper drop on the lower wavelength
side is due to self-absorption by the second absorption peak of
meso-QFBOD at 526 nm (see Fig. 2).
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Optical microscope image of the (a) uncoated, (b) coated with meso-
QFBOD and (c) coated UV LED under forward current of 1 mA. The edge of the
LED is 280 mm in length. Part (d) shows the electroluminescence spectra of the
uncoated and coated LED under a forward current of 5 mA.
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Conclusion

Here, we have presented the synthesis and photophysical study
of a novel series of linear oligouorene-BODIPYs, consisting of
two distinct substitutions on the BODIPY core. All of the
molecules synthesised exhibited high absorption of short
wavelength light and successful conversion to longer wave-
length light. The thermal properties of both series of
compounds suggest that they would prove stable under device
operating conditions. Finally, the suitability of such molecules
as organic down converters has been demonstrated in light
emitting devices. In summary, attachment of the oligouorene
chain at either the meso- and beta-position results in a useful
down converter molecule capable of absorbing higher energy
light and converting it into lower energy, visible light. Research
is currently ongoing in our laboratory in order to achieve a more
diverse range of absorption and emission characteristics
towards the ultimate goal of achieving white light emitting
organic materials for hybrid lighting applications.
Experimental
General experimental

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4) was
prepared prior to use and stored under nitrogen. Unless
otherwise stated, all other reagents were sourced commercially
and used without further purication. Dry solvents were
obtained from a solvent purication system (SPS 400 from
Innovative Technologies) using alumina as the drying agent. 1H
This journal is ª The Royal Society of Chemistry 2013
and 13C NMR spectra were recorded on either a Bruker DRX 500
apparatus at 500.13 and 125.76 MHz, or a Bruker Avance
DPX400 apparatus at 400.13 and 100.61 MHz. Chemical shis
are given in ppm; all J values are in Hz. Elemental analyses were
obtained on a Perkin-Elmer 2400 analyser. MS LDI-TOF spectra
were run on a Shimadzu Axima-CFR spectrometer (mass range
1–150 000 Da). Thermogravimetric analysis (TGA) was per-
formed using a Perkin-Elmer Thermogravimetric Analyzer TGA7
under a constant ow of helium. Melting points were taken
using a TA instruments DSC QC1000 Differential Scanning
Calorimeter, or a Stuart Scientic apparatus, and are
uncorrected.

Cyclic voltammetry (CV) measurements were performed on a
CH Instruments 660A electrochemical workstation with iR
compensation using anhydrous dichloromethane as the
solvent. The electrodes were glassy carbon, platinum wire and
silver wire as the working, counter and reference electrodes,
respectively. All solutions were degassed (Ar) and contained
monomer substrates in concentrations of ca. 10�4 M, together
with n-Bu4NPF6 (0.1 M) as the supporting electrolyte. All
measurements are referenced against the E1/2 of the Fc/Fc+

redox couple. Absorption spectra and CIE coordinates were
recorded on a Unicam UV 300 instrument. Photoluminescence
measurements were recorded using a Perkin-Elmer LS 50 B
uorescence spectrometer in a quartz cuvette (path length
10 mm). For PLQY measurements, absorption and photo-
luminescence measurements were performed using a Jasco
V-660 spectrophotometer and a Jasco FP 6500 spectro-
urometer, respectively.

Electroluminescence measurements of the LEDs were
carried out at room temperature using a Keithley source
measure unit. The light was dispersed by an Oriel 1/8 m spec-
trograph before being collected by an Andor charge-coupled
device. The UV LEDs (XSL-365 class) were purchased from
Roithner Lasertechnik GmbH and were used with the glass lens
removed.
8-(7-Bromo-9,90-dioctyluorene-2)-1,3,5,7-tetramethyl-2,6-
diethyl-4,40diuoro-4-bora-3a,4a-diaza-s-indacene (15)

To a solution of 7-bromo-9,90-dioctyluorene-2-carbaldehyde 14
(2.4 g, 4.52 mmol, 1.0 eq.) in anhydrous dichloromethane (120
ml) was added 3-ethyl-2,4-dimethylpyrrole (1.63 ml, 12.06
mmol, 2.5 eq.). The solution was stirred at room temperature
for 15 min then a catalytic amount of triuoroacetic acid (3
drops) was added. The reaction mixture rapidly darkened and
was stirred under Ar at room temperature for 18 h. The solution
was then diluted with further dichloromethane and washed
sequentially with sat. NaHCO3 (2 � 150 ml) and brine (200 ml).
The dichloromethane layer was dried (MgSO4), ltered and
concentrated under vacuum to a dark brown gum that was
subsequently re-dissolved in anhydrous dichloromethane
(75 ml) and DDQ (1.88 g, 8.27 mmol, 1.5 eq.) added in one
portion. The dark solution was stirred under Ar at room
temperature for 18 h then diluted with dichloromethane and
washed with water (200 ml) and brine (200 ml), then dried
(MgSO4) and concentrated to a deep red residue. The residue
J. Mater. Chem. C, 2013, 1, 2249–2256 | 2253
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was re-dissolved in anhydrous dichloromethane (120 ml) and
triethylamine (14.44 ml, 103.6 mmol, 15.0 eq.) added. The
reaction mixture changed colour from red to dark green and
was stirred under Ar at room temperature for 15 min. Boron
triuoride diethyl etherate (12.79 ml, 103.6 mmol, 15.0 eq.) was
then added, causing a further colour change to dark red. The
resulting solution was stirred at room temperature under Ar for
18 h before being diluted with dichloromethane and washed
with water (3 � 150 ml) and brine (200 ml). The resulting
dichloromethane layer was dried (MgSO4), ltered and
concentrated under vacuum to afford a dark red residue. Puri-
cation on silica gel, eluting with 20% dichloromethane in
hexane, afforded the title compound 15 as a dark red powder (1.9
g, 54%); Tg ¼ 42.33 �C; dH (400.13 MHz, CDCl3) 0.55–0.72 (m,
4H), 0.80–0.85 (m, 6H), 1.00–1.30 (m, 26H), 1.35 (s, 6H), 1.95–
1.99 (m, 4H), 2.33 (q, J 7.6, 4H), 2.57 (s, 6H), 7.26–7.30 (m, 2H),
7.50–7.53 (m, 2H), 7.63 (d, J 8.0, 1H), 7.80 (d, J 8.0, 1H); dC
(125.76 MHz, CDCl3) 12.1, 12.5, 14.0, 14.5, 17.1, 22.6, 23.8, 29.2,
29.4, 30.0, 31.8, 40.5, 55.9, 120.4, 121.4, 121.8, 123.0, 126.2,
127.3, 130.2, 130.9, 132.8, 134.9, 138.2, 139.3, 140.6, 140.9,
151.3, 153.0, 153.8; m/z (ESI) 769 (79Br, 100), 771 (81Br, 100);
anal. calculated for C46H62BBrF2N2: C, 71.59; H, 8.10; N, 3.63;
found: C, 71.92; H, 7.94; N, 3.21%.
meso-TFBOD

Compound 15 (199 mg, 0.26 mmol, 1.0 eq.), biuorene boronic
acid 11 (382 mg, 0.46 mmol, 1.8 eq.), potassium phosphate
(123 mg, 0.58 mmol, 2.25 eq.), tris-tert-butylphosphonium tet-
rauoroborate (15 mg, 0.05 mmol, 0.2 eq.) and tris(dibenzyli-
deneacetone)dipalladium(0) (24 mg, 0.026 mmol, 0.1 eq.) were
charged to a reaction ask, evaporated, then purged with Ar.
This was repeated twice to ensure an oxygen free environment.
Anhydrous tetrahydrofuran (40 ml) was then added, followed by
degassed water (4 ml). The reaction mixture was then heated to
65 �C under Ar for 72 h. Aer this time, the reaction mixture was
cooled to room temperature and diluted with dichloromethane
(100 ml). The organic layer was washed with water (75 ml) and
this aqueous wash extracted with further dichloromethane
(75 ml). The organic layers were combined and washed
sequentially with water (2 � 100 ml) and brine (150 ml), before
being dried (MgSO4), ltered and concentrated under vacuum.
Silica gel column chromatography, eluting with rst 20%
dichloromethane in hexane, then 1 : 1 dichloromethane/
hexane, afforded the title compound meso-TFBOD as a bright
orange powder (288 mg, 76%); Tg ¼ 47.97 �C, Tc ¼ 115.04 �C,
Tm ¼ 171.71 �C; dH (500.13 MHz, CDCl3) 0.65–0.90 (m, 30H),
1.00–1.27 (m, 66H), 1.39 (s, 6H), 2.03–2.14 (m, 12H), 2.33 (q,
J 7.5, 4H), 2.57 (s, 6H), 7.27–7.39 (m, 5H), 7.64–7.76 (m, 9H),
7.79–7.87 (m, 5H); dC (125.76 MHz, CDCl3) 12.3, 12.7, 14.3, 14.8,
17.3, 22.8, 24.0, 24.1, 24.2, 29.4, 29.6, 30.3, 32.0, 40.6, 40.8, 55.4,
55.6, 55.9, 119.9, 120.1, 120.2, 120.5, 120.6, 121.6, 121.7, 123.2,
126.3, 126.4, 126.5, 127.0, 127.2, 127.3, 131.2, 133.0, 134.6,
138.6, 139.7, 140.1, 140.4, 140.6, 140.7, 140.9, 141.0, 141.2,
141.5, 141.9, 151.2, 151.7, 152.0, 152.09, 152.15, 153.9; m/z
(MALDI) 1469 (100); anal. calculated for C104H144BF2N2: C,
84.97; H, 9.80; N, 1.91; found: C, 85.01; H, 9.77; N, 1.94%.
2254 | J. Mater. Chem. C, 2013, 1, 2249–2256
meso-QFBOD

Compound 15 (192 mg, 0.25 mmol, 1.0 eq.), teruorene boronic
acid 12 (543 mg, 0.45 mmol, 1.8 eq.), potassium phosphate (119
mg, 0.56 mmol, 2.25 eq.), tris-tert-butylphosphonium tetra-
uoroborate (26 mg, 0.05 mmol, 0.2 eq.) and tris(dibenzylide-
neacetone)dipalladium(0) (41 mg, 0.025 mmol, 0.1 eq.) were
charged to a reaction ask, evaporated, then purged with Ar.
This was repeated twice to ensure an oxygen free environment.
Anhydrous tetrahydrofuran (50 ml) was then added, followed by
degassed water (5 ml). The reaction mixture was then heated to
65 �C under Ar for 72 h. Aer this time, the reaction mixture was
cooled to room temperature and diluted with dichloromethane
(100 ml). The organic layer was washed with water (75 ml) and
this aqueous wash extracted with further dichloromethane (2 �
40 ml). The organic layers were combined and washed
sequentially with water (2 � 100 ml) and brine (150 ml), before
being dried (MgSO4), ltered and concentrated under vacuum.
Silica gel column chromatography, eluting with rst 15%
dichloromethane in hexane, then 1 : 1 dichloromethane/
hexane, afforded the title compound meso-QFBOD as a bright
orange powder (324 mg, 70%); Tg ¼ 53.12 �C; dH (400.13 MHz,
CDCl3) 0.60–0.90 (m, 40H), 0.97–1.27 (m, 86H), 1.39 (s, 6H),
2.01–2.14 (m, 16H), 2.33 (q, J 7.6, 4H), 2.57 (s, 6H), 7.27–7.39 (m,
5H), 7.64–7.76 (m, 13H), 7.79–7.87 (m, 7H); dC (100.61 MHz,
CDCl3) 12.3, 12.7, 14.3, 14.8, 17.3, 22.8, 24.05, 24.14, 24.2, 29.4,
29.6, 30.3, 32.0, 40.6, 40.8, 55.4, 55.56, 55.58, 55.9, 119.9, 120.1,
120.17, 120.21, 120.5, 120.6, 121.6, 121.7, 123.2, 126.3, 126.4,
126.5, 127.0, 127.2, 127.3, 131.2, 133.0, 134.6, 138.6, 139.7,
140.1, 140.2, 140.3, 140.5, 140.6, 140.67, 140.70, 140.79, 140.85,
141.0, 141.2, 141.5, 141.9, 151.2, 151.71, 151.74, 152.0, 152.1,
152.2, 153.9; m/z (MALDI) 1858 (100); anal. calculated for
C133H183BF2N2: C, 85.94; H, 9.92; N, 1.51; found: C, 85.95; H,
10.18; N, 1.41%.
beta-TFBOD

Mono-iodo BODIPY 18 (50 mg, 0.13 mmol, 1.0 eq.), teruorene
boronic acid 12 (252 mg, 0.21 mmol, 1.6 eq.), tris-tert-butyl-
phosphonium tetrauoroborate (8 mg, 0.026 mmol, 0.2 eq.) and
tris(dibenzylideneacetone)dipalladium(0) (12 mg, 0.013 mmol,
0.1 eq.) were charged to a reaction ask, evaporated, then
purged with Ar. This was repeated twice to ensure an oxygen free
environment. Anhydrous tetrahydrofuran (20 ml) was then
added, followed by potassium phosphate (55 mg, 0.26 mmol,
2.0 eq.) and degassed water (2 ml). The reaction mixture was
then heated to 65 �C under Ar for 72 h. Aer this time, the
reaction mixture was cooled to room temperature and
quenched with water (100 ml). The reaction mixture extracted
with dichloromethane (3 � 70 ml) and the organic layers
combined, then washed with water (2 � 150 ml) and brine
(150 ml), before being dried (MgSO4), ltered and concentrated
under vacuum. Silica gel column chromatography, eluting with
20% dichloromethane in hexane, afforded a bright orange
residue that was dissolved in the minimum volume of
dichloromethane and precipitated by addition of excess cold
methanol. The resulting bright orange powder was identied as
the title compound beta-TFBOD (36 mg, 19%); Tg ¼ 42.63 �C; dH
This journal is ª The Royal Society of Chemistry 2013
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(500.13 MHz, CDCl3) 0.60–0.89 (m, 30H), 1.05–1.26 (m, 60H),
1.99–2.14 (m, 12H), 2.41 (s, 3H), 2.48 (s, 3H), 2.56 (s, 3H), 2.58 (s,
3H), 2.70 (s, 3H), 6.11 (s, 1H), 7.21–7.22 (m, 2H), 7.32–7.40 (m,
3H), 7.65–7.71 (m, 8H), 7.76 (d, J 7.5, 1H), 7.80–7.85 (m, 5H); dC
(125.76 MHz, CDCl3) 13.3, 14.1, 14.5, 15.5, 16.8, 17.5, 22.6, 23.8,
23.9, 24.0, 29.2, 29.3, 30.0, 31.8, 40.4, 55.2, 55.25, 55.35, 119.6,
119.7, 119.88, 119.95, 121.4, 121.5, 122.9, 125.1, 126.0, 126.2,
126.8, 127.0, 129.1, 132.0, 132.36, 132.43, 134.2, 137.0, 139.9,
139.99, 140.02, 140.1, 140.3, 140.4, 140.5, 140.55, 140.61, 140.8,
140.9, 141.5, 151.0, 151.2, 151.5, 151.7, 151.8, 152.4, 153.8; m/z
(MALDI) 1428 (100); anal. calculated for C101H137BF2N2: C,
84.95; H, 9.67; N, 1.96; found: C, 84.58; H, 9.89; N, 2.19%.

beta-QFBOD

Mono-iodo BODIPY 18 (39 mg, 0.1 mmol, 1.0 eq.), quater-
uorene boronic acid 13 (288 mg, 0.18 mmol, 1.8 eq.), tris-tert-
butylphosphonium tetrauoroborate (6 mg, 0.02 mmol, 0.2 eq.)
and tris(dibenzylideneacetone)dipalladium(0) (9 mg, 0.01
mmol, 0.1 eq.) were charged to a reaction ask, evaporated,
then purged with Ar. This was repeated twice to ensure an
oxygen free environment. Anhydrous tetrahydrofuran (10 ml)
was then added, followed by potassium phosphate (48 mg,
0.225 mmol, 2.25 eq.) and degassed water (1 ml). The reaction
mixture was then heated to 65 �C under Ar for 72 h. Aer this
time, the reaction mixture was cooled to room temperature and
diluted with dichloromethane (80 ml). The organic layer was
washed with water (2� 100 ml) and brine (100 ml), before being
dried (MgSO4), ltered and concentrated under vacuum. Silica
gel column chromatography, eluting with 20–30% dichloro-
methane in hexane, afforded a bright orange residue that was
dissolved in the minimum volume of dichloromethane and
precipitated by addition of excess cold methanol. The resulting
bright orange powder was identied as the title compound beta-
QFBOD (40 mg, 23%); Tg ¼ 46.63 �C; dH (500.13 MHz, CDCl3);
0.63–0.90 (m, 40H), 1.05–1.26 (m, 80H), 2.00–2.15 (m, 16H), 2.41
(s, 3H), 2.48 (s, 3H), 2.56 (s, 3H), 2.59 (s, 3H), 2.70 (s, 3H), 6.11 (s,
1H), 7.21–7.22 (m, 2H), 7.32–7.40 (m, 3H), 7.65–7.72 (m, 12H),
7.76 (d, J 7.0, 1H), 7.80–7.85 (m, 7H); dC (125.76 MHz, CDCl3)
13.3, 14.1, 14.5, 15.5, 16.8, 17.5, 22.6, 23.8, 23.9, 24.0, 29.2, 29.3,
30.0, 31.8, 40.4, 55.2, 55.3, 55.4, 119.6, 119.7, 120.0, 121.4, 121.5,
122.9, 125.1, 126.0, 126.2, 126.8, 127.0, 129.1, 132.0, 132.4,
134.2, 137.0, 139.9, 139.99, 140.03, 140.3, 140.4, 140.50, 140.54,
140.8, 140.9, 141.4, 151.0, 151.2, 151.5, 151.7, 151.8, 152.4,
153.8; m/z (MALDI) 1816 (100); anal. calculated for
C130H177BF2N2: C, 85.95; H, 9.82; N, 1.54; found: C, 85.09; H,
9.91; N, 1.55%.
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