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Abstract
Star-shaped conjugated systems with varying oligofluorene arm length and substitution patterns of the central BODIPY core have

been synthesised, leading to two families of compounds, T-B1–T-B4 and Y-B1–Y-B4, with T- and Y-shaped motifs, respectively.

Thermal stability, cyclic voltammetry, absorption and photoluminescence spectroscopy of each member of these two families were

studied in order to determine their suitability as emissive materials in photonic applications.
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Introduction
The boron-dipyrromethene (BODIPY) or 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene unit has attracted much attention due to

the properties it imparts to the compounds that contain it, such

as efficient luminescence, high absorptivity, good photosta-

bility and solubility in common solvents [1-4]. Due to these

properties, BODIPY-containing conjugated systems have found

numerous applications as laser dyes [5-7], labels for biological

imaging [8-10] and low band-gap polymers [11-13]. Being effi-

cient emitters in solution, small molecule BODIPY compounds

often show signs of aggregation at high concentration and in

solid films [14,15], which lowers the luminescence efficiency of

the material. Due to this aggregation and a low Stokes shift,

BODIPY dyes with efficient emission in the solid state are still

rare [16].

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:peter.skabara@strath.ac.uk
mailto:gat@st-andrews.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.10.285
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Figure 1: The structures of the star-shaped oligofluorenes with BODIPY cores, Y-Bn (n = 1–4) and T-Bn (n = 1–4).

One of the strategies to suppress the aggregation of π-func-

tional emissive units is to incorporate them into star-shaped

structures [17]. A multidimensional molecular architecture

provides excellent film-forming properties of the materials and

an isotropic morphology of the final film. In the case of oligo-

fluorenes with benzene [18] and truxene cores [19-22], this

design methodology has yielded promising materials for lasing

applications. Previously, we have designed star-shaped systems

featuring energy transfer by incorporating acceptor chro-

mophore units either within the arms [23], or in the core [24], of

parent blue-emissive star-shaped oligofluorene systems. This

strategy provides the ability to tune emission and create ma-

terials with an increased separation between absorption and

emission profiles, which makes them promising candidates for

optical amplification and down-conversion applications.

Although there are a few examples of star-shaped conjugated

systems with the BODIPY unit attached to porphyrazine [25],

subporphyrin [26] and truxene [27,28] cores via its meso-pos-

ition by a phenylethynyl linkage, to the best of our knowledge

there is no report on the synthesis of oligofluorene star-shaped

systems with BODIPY as a core. The latter would provide

extended conjugation not only through the β-position but via the

pyrrole unit as well. It is known that attaching aromatic units to

the β-positions of BODIPY increase the Stokes shift due to

more pronounced structural relaxation of the excited state [29].

Therefore, incorporating the BODIPY unit as the core could

improve the separation between absorption and emission

spectra of the material and thereby decrease its self-absorption.

We have recently shown among oligofluorene–BODIPY diads

that compounds with oligofluorenes attached at the β-position

of BODIPY have a significantly higher Stokes shift than those

with oligofluorenes at the meso-position [30].

In this paper we report the synthesis and physicochemical prop-

erties of two series of star-shaped oligofluorenes with a

BODIPY core (Figure 1). In one of them (Y-Bn, n = 1–4) the

oligofluorene arms are attached to the meso-position (via a

phenylene linker) and α-positions of the central BODIPY unit,

yielding Y-shaped molecules. The other series (T-Bn, n = 1–4)

represents star-shaped systems with the arms in the meso- and

β-positions, providing T-shaped molecules.

Results and Discussion
Synthesis
For the synthesis of the Y-B1–Y-B4 series a convergent

strategy was chosen (Scheme 1). The modified Suzuki coupling

protocol with K3PO4 as a base was used to avoid decomposi-

tion of the core-precursor Y-B0Hal under strong basic condi-

tions. To achieve maximum coupling efficiency with the

chloro-substituted BODIPY core, the catalyst (A-taPhos)2PdCl2

was applied, which was reported to have greater affinity

towards heteroaryl chlorides [31]. The yields of the coupling

reactions were poor (Scheme 1) and generally decreased with

increasing length of the arm. Surprisingly, the highest yield

(30%) was achieved for Y-B3. The compound Y-B0Hal was

synthesised using a procedure reported previously [32]. The

series of oligofluorenylboronic acids FnB (n = 1–4), synthe-

sised by a known procedure [19], was used as the precursors for

the nucleophilic coupling reagent.
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Scheme 2: Synthesis of the T-Bn (n = 1–4) series.

Scheme 1: Synthesis of the Y-Bn (n = 1–4) series.

In the case of the T-Bn series, the convergent strategy was used

for the synthesis of T-B1–T-B3 compounds using Suzuki

coupling of the aforementioned oligofluorenyl boronic acids

FnB (n = 1–3) with the core precursor compound T-B0Br [33],

using conditions which proved to be efficient for coupling of

BODIPY derivatives [30] (Scheme 2). The yields observed

were 29–58%. Conversely, the T-B4 member of the series was

synthesised by a semi-convergent approach, firstly via Suzuki

coupling of the brominated core T-B0Br with trimethylsilyl-

fluorenylboronic acid SiFB (68% yield). Subsequent electro-

philic ipso-substitution of tris(trimethylsilylfluorenylBODIPY)

T-B1Si by molecular bromine, in the presence of a weak base

(KOAc) to avoid acidic conditions, gave T-B1Br in 55% yield.

Finally, Suzuki coupling of the bromo compound T-B1Br with

terfluorenyl boronic acid F3B was achieved in 21% yield. The

boronic acid SiFB was synthesised using a previously published

procedure [23]. The core precursor T-B0Br was synthesised in

63% yield by using NBS as the brominating reagent instead of

molecular bromine which was used previously [33].

Thermal, electrochemical and optical
properties
TGA and DSC analyses
All of the final target compounds showed good thermal

stability. Thermogravimetric analysis (TGA) revealed decom-

position temperatures in the range 396–442 °C (Table 1, Figure
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Table 2: Electrochemical data for oligofluorene–BODIPY compounds and HOMO–LUMO gaps calculated from cyclic voltammetry and electronic
absorption spectroscopy.

Comp. Ep
ox,a

vs Fc/Fc+, V
HOMO,b eV Ep

red,c
vs Fc/Fc+, V

LUMO,b eV Eg, eV
CVd UVe

Y-B1 0.69/0.63, 1.26 −5.38 (0.58) −1.21/−1.07,
−1.97

−3.72
(−1.08)

1.66 1.91
(648)

Y-B2 0.81/0.73, 1.11/1.02, 1.27/1.18, 1.44 −5.50 (0.70) −1.48, −2.14 −3.64
(−1.16)

1.86 1.87
(664.5)

Y-B3 0.74/0.67, 0.96/0.88, 1.12/1.08,
1.21/1.14, 1.32, 1.53

−5.43 (0.63) −1.62, −2.25 −3.54
(−1.26)

1.89 1.86
(665)

Y-B4 0.74/0.68, 0.89/0.83, 1.07/0.94, 1.32,
1.50

−5.42 (0.62) −1.55, −2.20 −3.63
(−1.17)

1.79 1.86
(668)

T-B1 0.70/0.62, 1.23 −5.39
(0.59)

−1.94/−1.54 −3.34
(−1.46)

2.05 2.15
(576)

T-B2 0.68/0.63, 0.97/0.87, 1.35 −5.38
(0.58)

−1.77/−1.19 −3.31
(−1.49)

2.07 2.13
(582)

T-B3 0.84/0.78, 0.98/0.90, 1.24/1.12, 1.59 −5.52
(0.72)

−1.80/−1.17 −3.32
(−1.48)

2.20 2.13
(582)

T-B4 0.78/0.72, 0.88/0.82, 1.05/0.95, 1.42,
1.58

−5.48
(0.68)

−1.80/−1.09 −3.38
(−1.42)

2.10 2.13
(582)

aFor a reversible and quasi-reversible oxidation wave, when peaks were observed on both direct and reversed scans, each wave is presented as
anodic/cathodic peak values, otherwise only anodic peaks observed on the direct scan are presented. bHOMO(LUMO) level is calculated by the
formula EHOMO(LUMO) = − (Eonset

ox(red) + 4.80), Eonset
ox(red) values are shown in the brackets. cFor a reversible and quasi-reversible reduction wave,

when peaks were observed on both direct and reversed scans, each wave is presented as cathodic/anodic peak values, otherwise only cathodic
peaks observed on the direct scan are presented. dElectrochemical HOMO–LUMO gap is calculated as a difference between HOMO and LUMO
levels. eOptical HOMO–LUMO gap is calculated by the formula Eg = 1239.84/λonset from absorption onset (λonset) shown in the brackets (in nm).

S1, Supporting Information File 1). The morphological stability

was evaluated by differential scanning calorimetry (DSC). All

of the synthesised compounds were found to be amorphous ma-

terials and exhibited reasonably high glass transition tempera-

tures (Tg) (Table 1, Figure S2, Supporting Information File 1).

The Tg value generally increased with increasing molecular

weight. This trend was most pronounced for Y-Bn (n = 1–4)

and not so significant for the T-Bn (n = 1–4) series. In the latter

case the Tg reached a saturation value at 99 °C for terfluorene

T-B3.

Table 1: Thermal properties of oligofluorene–BODIPY compounds.

Compound Mw, Da Td,a °C Tg,b °C

Y-B1 1265.63 438 63
Y-B2 2263.20 421 80
Y-B3 3260.76 442 87
Y-B4 4258.33 442 96
T-B1 1321.74 396 83
T-B2 2319.30 426 93
T-B3 3316.87 440 99
T-B4 4314.43 413 96

aTd: decomposition temperature corresponding to 5% mass loss (TGA
was performed at 10 °C/min). bDSC was performed at 10 °C/min.

Electrochemistry
The electrochemical properties of the materials were studied in

dichloromethane solutions with the concentration of the analyte

ca. 10−4 M, and the results are summarised in Table 2.

The redox properties of the materials were investigated by

cyclic voltammetry and the oxidation and reduction waves of

Y-Bn (n = 1–4) and T-Bn (n = 1–4) series are presented in

Figures S3 and S4, respectively (Supporting Information

File 1). The oxidation waves are positioned at similar potentials

for the analogues of both families. For the first member of each

series, Y-B1 and T-B1, there are only two oxidation waves –

the first is reversible (E1/2 = 0.66 V) and the other irreversible

(Epa > 1.2 V). The potential of the former is too low to be

related to the oxidation of the arms [34] or an isolated BODIPY

unit [35]. It is probably due to the oxidation of the

fluorene–BODIPY–fluorene structural unit, with the fluorene

arms attached in the α- and β-positions for Y-B1 and T-B1, res-

pectively. It is consistent with the result of DFT calculations

which show the location of the HOMO on this unit (vide infra).

This first oxidation waves have exactly the same half wave

potential for T-B2 but the values are slightly shifted for the

other members of the two series (Y-B2–Y-B4, T-B3 and T-B4),

with E1/2 ranging from 0.71 to 0.81 V. The cyclic voltammetry
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Figure 2: The samples of oligofluorene BODIPY solutions in toluene under ambient light (left) and UV illumination (254 nm, right). From left to right,
T-B1, T-B2, T-B3, T-B4, Y-B1, Y-B2, Y-B3 and Y-B4.

of Y-B2–Y-B4 and T-B2–T-B4 reveals that the second oxi-

dation waves in these compounds are reversible. This wave is

more intense than the first one in all cases. It probably also

relates to the oxidation of the oligofluorene–BODIPY–oligoflu-

orene unit, but the larger peak current intensity indicates a

greater involvement of the oligofluorene in the meso-position.

The cyclic voltammetry experiments of Y-B2–Y-B4, T-B3 and

T-B4 show a third quasi-reversible oxidation peak related to the

formation of a radical trication on the oligofluorenes [34]. The

second and third oxidation peaks appear at lower potentials in

the larger analogues due to the longer effective conjugation

length of the molecules. The irreversible peaks that the ma-

terials show between 1.30 V and 1.60 V are probably due to

over-oxidation of the molecule.

All the oligomers of the Y-Bn (n = 1−4) series feature a reduc-

tion wave corresponding to the formation of a radical anion in

the BODIPY core [36], but its position and reversibility varies

for the different members of the family, being reversible and at

a less negative potential for Y-B1 (E1/2 = −1.14 V). Due to

conjugation between the BODIPY core and the arms in its

α-position, the electronic structure of Y-B1 provides stabilisa-

tion of the negative doped states owing to partial delocalisation

of charge/spin density over the unit α-fluorene–BODIPY–α-

fluorene. This can be seen from DFT calculations for this struc-

ture (vide infra) which show slight expansion of the LUMO

from the core to the arm. The increase in reduction potential

with increasing length of the arm could be explained by the

lower electron density exerted by one fluorene in each arm, as

opposed to the oligofluorenes in the other members of the

series. Due to the aforementioned conjugation, the increase in

the oligofluorene arm length provides greater electron density to

the core, which leads to more negative reduction potentials. The

first reduction wave for the rest of the materials is quasi-revers-

ible while the second one is irreversible for all the compounds.

The second reduction wave corresponds to the formation of a

dianion, most likely localised on the BODIPY core and partially

delocalised on the arms.

In contrast to the Y-Bn (n = 1–4) series, the reduction of

oligomers from the T-Bn (n = 1–4) family exhibits only one

quasi-reversible wave in the case of T-B1 or irreversible in the

case of T-Bn (n = 2–4), with very similar cathodic peak poten-

tials. The different reduction behaviour of T-Bn (n = 1–4) is

attributed to the poorer conjugation between the core and the

oligofluorene arms in the β-positions which is consistent with

DFT calculations (vide infra), showing in this case localisation

of the LUMO exclusively on the BODIPY core. The positive

inductive effect of four methyl groups attached to the core can

also contribute to a decrease in the electron affinity of the

BODIPY unit in this case.

The HOMO levels for both families are similar, whereas, in

general, the LUMO levels of the Y-Bn family are lower,

leading to narrower electrochemical HOMO–LUMO gaps.

Optical properties
The optical properties of the oligomers were studied in di-

chloromethane solutions. An image of toluene solutions of both

families under ambient conditions and UV-illumination is

presented in Figure 2. The effect of the substitution pattern of

the BODIPY core with fluorene arms (either at the α- or β-posi-

tions) on the optical properties of the materials can be observed

with the naked eye. The compounds of the Y-Bn (n = 1–4)

series are dark green powders and exhibit a dark red colour in

concentrated solutions and green when diluted. The colour of

the T-Bn (n = 1–4) oligomers is bright pink, both in the powder

form and in solution, and they give bright orange photolumines-

cence. The deep-red fluorescence of the Y-Bn (n = 1–4) series

seems less efficient to the naked eye than that of the T-Bn

family. The optical properties of the T-Bn and Y-Bn families

are summarised in Table S1 (Supporting Information File 1)

and Figure 3.

The absorption spectra of all the compounds exhibit an intense

short-wave band associated with the π–π* transition of the

oligofluorene arms [19]. As the number of fluorene units in the



Beilstein J. Org. Chem. 2014, 10, 2704–2714.

2709

Figure 3: The normalised absorption (solid lines) and emission (dash lines) spectra of Y-Bn (n = 1–4) (left panel) and T-Bn (n = 1–4) (right panel)
series.

arm increases, this band becomes more intense and subjected to

a bathochromic shift. The spectra of all compounds reveal the

two features which are related to the presence of the BODIPY

unit and can be assigned to S0–S1 and S0–S2 transitions [37].

The band around 400–470 nm is attributed to the S0–S2 tran-

sition and it is clearly resolved for oligomers of the Y-Bn

(n = 1–4) series and in the spectrum of T-B1. In the spectra of

the larger members of the T-Bn family the S0–S2 transition

becomes a shoulder of the π–π* oligfluorene band as the latter

red-shifts. The longest wavelength bands observed in the

absorption spectra corresponds to the S0–S1 transition. These

two bands were found to be more affected by the length of the

arm in the case of Y-Bn (n = 1–4) series due to better conjuga-

tion between the core and the arms. The optical and electro-

chemical HOMO–LUMO gaps are in good agreement for most

compounds, the difference being greatest for the first members

of the two series Y-B1 (0.25 eV) and T-B1 (0.10 eV).

The emission spectra of the oligomers reveal a single band with

its peak positioned at around 600 nm for the T-Bn compounds

and 660 nm for the Y-Bn series. The emission originates from

the BODIPY core which is an indication of an efficient energy

transfer observed in these conjugated systems from the fluo-

rene components to the core. A Stokes shift of around 50 nm

was observed in both series, corresponding to 1230 cm−1 for

Y-Bn and 1560 cm−1 for T-Bn. If one considers the efficient

energy transfer from the oligofluorene arms to the BODIPY

core, the separation between absorption and emission overall

becomes much higher and the materials can therefore be used as

efficient down-converters from UV to the red region of the

spectrum.

DFT calculations
The structures of T-B1 and Y-B1 were optimised using the

program Gaussian 09 [38] with the CAM-B3LYP [39] func-

tional and the TZVP [40] basis set. Solvent effects were consid-

ered with the inclusion of the SMD [41] solvent model. In order

to increase the computational efficiency of the optimisations,

the hexyl chains on the fluorene units were shortened to methyl

groups. The twist between the β-fluorenes and BODIPY in

T-B1 (56.6°) is greater than that obtained for the fluorenes in

α-positions in Y-B1 (42.9°), probably due to steric restrictions
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Figure 4: Optimised structures of T-B1 (left) and Y-B1 (right).

imposed by the methyl substituents at the 1,3,5,7-positions

(Figure 4). The distance between the hydrogens of the fluorene

and the fluorines of the BODIPY in Y-B1 are 2.20 Å and

2.23 Å. These distances are shorter than the sum of the van der

Waals radii of H (1.20 Å) and F (1.47 Å), which is 2.67 Å. This

implies that there are H–F interactions between the fluorene and

the BODIPY core, which could also contribute to stabilise the

planarisation of the structure. In the case of T-B1, the H–F

distances between the hydrogens of the methyl substituents at

the 3,5-positions and the fluorines at the 4-position of the

BODIPY (2.42 Å and 2.44 Å) are also smaller than the sum of

the van der Waals radii, also indicating the possibility of H–F

interactions. The greater degree of planarity in Y-B1 leads to

increased conjugation and therefore a lower HOMO–LUMO

gap, which is predicted from the DFT calculations and is

observed in the electrochemical and optical data. This explains

the red shifts in the absorption spectrum of Y-B1 compared to

that of T-B1 (Δλ = 60 nm). It is likely that the greater degree of

planarisation is also present in the rest of the members of the

Y-Bn family, which would account for their bathochromically

shifted optical transitions compared with their T-shaped

analogues. The phenyl linker attached to the meso-position is

also more twisted in T-B1 (80.8°) than in Y-B1 (58.0°) because

the methyl groups in the 1,7-positions exert greater steric

hindrance than the hydrogen substituents of Y-B1.

The greater degree of conjugation of the fluorenes with the core

in Y-B1 compared with T-B1 is also evident from the examina-

tion of their frontier orbitals. The HOMO of Y-B1 shows

increased electron-density over the fluorene units (Figure 5)

with respect to the analogous units in T-B1 (Figure 6). Also, the

LUMO of Y-B1 shows some delocalisation over the fluorenes,

but the LUMO of T-B1 is localised on the BODIPY unit, which

supports the idea that the increase in the fluorene twist reduces

conjugation in T-B1, hence its absorption spectrum is

hypsochromically shifted with respect to Y-B1. The calculated

energies of the HOMO and LUMO levels do not match the

experimental values but they show the trend of lower

HOMO–LUMO gaps for Y-B1.

The HOMO−1 and the LUMO+1 frontier orbitals are localised

primarily over the phenyl-fluorene located on the meso-pos-

ition for both compounds and they have almost the same calcu-

lated energies. The absorption band that occurs in the region of

400–470 nm has previously been described as the S0–S2 tran-

sition of the BODIPY unit [37].

The TDDFT results (see Supporting Information File 1, Table

S2) show the lowest energy peak for each compound studied,

which represents a transition from HOMO to LUMO. The

bathochromic shift of the peak of Y-B1 with respect to that of
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Figure 5: HOMO−1 (bottom, left), HOMO (bottom, right), LUMO (top, left) and LUMO+1 (top, right) of Y-B1.

T-B1 is explained by the smaller twist of the fluorenes in the

α-position in Y-B1 which results in some of the electron density

in the LUMO being located on the fluorene units which is not

the case for T-B1. Likewise, the transitions from HOMO−2 and

HOMO−1 to the LUMO mainly contribute to the second peak,

with the more delocalised LUMO of Y-B1 leading to a red-

shifted peak.

Conclusion
Here, we have presented the synthesis and physicochemical

study of two novel series of star-shaped conjugated systems

with BODIPY cores and oligofluorene arms. All the oligomers

were found to be amorphous solids with reasonably high glass

transition temperatures. The conjugated systems studied showed

efficient energy transfer with good separation between absorp-

tion and emission profiles. Their efficient down-conversion effi-

ciency has been studied very recently in devices for visible light

communications, showing great potential to replace commer-

cially available phosphor-based materials in light emitting

diodes [42]. In summary, incorporation of BODIPY as a core in

star-shaped oligofluorene systems was shown to be useful in

providing amorphous materials for photonic applications with

high Stokes shifts and low levels of self-absorption.

Experimental
General experimental
Unless otherwise stated, all reagents and solvents were

purchased commercially from Sigma-Aldrich or Alfa Aesar and
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Figure 6: HOMO−1 (bottom, left), HOMO (bottom, right), LUMO (top, left) and LUMO+1 (top, right) of T-B1.

were used without any purification. Dry solvents (dichloro-

methane, tetrahydrofuran, toluene, hexane and diethyl ether)

were obtained from a solvent purification system (SPS 400,

innovative technologies) using alumina as the drying agent; any

other dry solvents were purchased from Sigma-Aldrich. 1H and
13C NMR spectra were recorded on a Bruker Avance DPX400

at 400.13 and 100.61 MHz or a Bruker Avance DRX500 at

500 MHz and 125.75 MHz in CDCl3 or CD2Cl2. Proton NMR

chemical shifts are reported as δ values in ppm. The chemical

shifts were calibrated using reported values for residual solvent

signals [43] for 1H NMR: 7.26 (CDCl3) or 5.32 (CD2Cl2); for
13C NMR: 77.16 (CDCl3) or 53.84 (CD2Cl2). Data are

presented as follows: chemical shift, number of nuclei based on

integration, multiplicity (s = singlet, d = doublet, dd = doublet

of doublets, m = multiplet), and coupling constant(s) (3J or 4J)

are in Hz. Multiplets are reported over the range (in ppm) in

which they appear.

MS MALDI–TOF spectra were recorded on a Shimadzu

Axima-CFR spectrometer (mass range 1–150,000 Da). Retinoic

acid was used as a matrix. Elemental analyses were obtained on

a PERKIN ELMER 2400 elemental analyser. Commercial TLC

plates (Silica gel 60 F254) were used for TLC chromatography

and column chromatography was carried out on silica gel

Zeoprep 60 (40–63 µm). Solvents were removed using a rotary

evaporator (vacuum supplied by low vacuum pump) and, when

necessary, a high vacuum pump was used to remove residual

solvent.

Thermogravimetric analysis (TGA) was performed using a

Perkin-Elmer Thermogravimetric Analyser TGA7 under a

constant flow of argon. Differential Scanning Calorimetry

(DSC) was conducted on a TA Instruments Q1000 with a

RC-90 refrigerated cooling unit attached. The calibration was

conducted using indium (melt temperature 156.42 °C, ∆Hf

28.42 J/g). The test procedure used was a standard heat-cool-

reheat cycle, which allows the removal of thermal history on the

first heat allowing examination of any thermal processes on the

cooling and second heat scan. The temperature range was from

−50 °C to 300 °C at 10 °C/min.

Cyclic voltammetry measurements were performed on a CH

Instruments 660A electrochemical workstation with iR compen-

sation using anhydrous dichloromethane as a solvent. The elec-
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trodes 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 TBAPF6 (0.1 M)

as the supporting electrolyte. All measurements are referenced

against the E1/2 of the Fc/Fc+ redox couple.

UV–vis absorption spectra were recorded on a UNICAM UV

300, a Jasco V-660 or a Shimazdu UV-2600 spectrophotometer.

Baselines of solvents were measured before analysis and solu-

tion spectra were recorded in 1 cm or 1 mm path length quartz

cells between 190 and 900 nm. Emission spectra were measured

on a Perkin Elmer LS45 or a Jasco FP-6500 fluorescence spec-

trometers.

Supporting Information
Supporting Information File 1
Experimental procedures for all new compounds, thermal

analysis, cyclic voltammograms and associated data,

photophysical data, computational data, 1H NMR spectra

for all new compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-10-285-S1.pdf]

Acknowledgements
The authors wish to thank the EPSRC for funding. PJS thanks

the Royal Society for a Wolfson Research Merit Award.

References
1. Loudet, A.; Burgess, K. Chem. Rev. 2007, 107, 4891–4932.

doi:10.1021/cr078381n
2. Ziessel, R.; Ulrich, G.; Harriman, A. New J. Chem. 2007, 31, 496–501.

doi:10.1039/b617972j
3. Ulrich, G.; Ziessel, R.; Harriman, A. Angew. Chem., Int. Ed. 2008, 47,

1184–1201. doi:10.1002/anie.200702070
4. Benniston, A. C.; Copley, G. Phys. Chem. Chem. Phys. 2009, 11,

4124–4131. doi:10.1039/b901383k
5. Duran-Sampedro, G.; Agarrabeitia, A. R.; Garcia-Moreno, I.;

Costela, A.; Bañuelos, J.; Arbeloa, T.; Lopez Arbeloa, I.; Chiara, J. L.;
Ortiz, M. J. Eur. J. Org. Chem. 2012, 6335–6350.
doi:10.1002/ejoc.201200946

6. Bañuelos, J.; Martin, V.; Gomez-Duran, C. F. A.; Arroyo Cordoba, I. J.;
Peña-Cabrera, E.; Garcia-Moreno, I.; Costela, A.; Perez-Ojeda, M. E.;
Arbeloa, T.; Lopez Arbeloa, I. Chem. – Eur. J. 2011, 17, 7261–7270.
doi:10.1002/chem.201003689

7. Ortiz, M. J.; Garcia-Moreno, I.; Agarrabeitia, A. R.;
Duran-Sampedro, G.; Costela, A.; Sastre, R.; López Arbeloa, F.;
Bañuelos Prieto, J.; López Arbeloa, I. Phys. Chem. Chem. Phys. 2010,
12, 7804–7811. doi:10.1039/b925561c

8. Courtis, A. M.; Santos, S. A.; Guan, Y.; Hendricks, J. A.; Ghosh, B.;
Szantai-Kis, D. M.; Reis, S. A.; Shah, J. V.; Mazitschek, R.
Bioconjugate Chem. 2014, 25, 1043–1051. doi:10.1021/bc400575w

9. Moriarty, R. D.; Martin, A.; Adamson, K.; O'Reilly, E.; Mollard, P.;
Forster, R. J.; Keyes, T. E. J. Microsc. 2014, 253, 204–218.
doi:10.1111/jmi.12111

10. Ni, Y.; Wu, J. Org. Biomol. Chem. 2014, 12, 3774–3791.
doi:10.1039/c3ob42554a

11. Cortizo-Lacalle, D.; Howells, C. T.; Gambino, S.; Vilela, F.;
Vobecka, Z.; Findlay, N. J.; Inigo, A. R.; Thomson, S. A. J.;
Skabara, P. J.; Samuel, I. D. W. J. Mater. Chem. 2012, 22,
14119–14126. doi:10.1039/c2jm32374e

12. Popere, B. C.; Della Pelle, A. M.; Poe, A.; Balaji, G.; Thayumanavan, S.
Chem. Sci. 2012, 3, 3093–3102. doi:10.1039/c2sc20731a

13. Popere, B. C.; Della Pelle, A. M.; Thayumanavan, S. Macromolecules
2011, 44, 4767–4776. doi:10.1021/ma200839q

14. Vu, T. T.; Dvorko, M.; Schmidt, E. Y.; Audibert, J.-F.; Retailleau, P.;
Trofimov, B. A.; Pansu, R. B.; Clavier, G.; Méallet-Renault, R.
J. Phys. Chem. C 2013, 117, 5373–5385. doi:10.1021/jp3097555

15. Marushchak, D.; Kalinin, S.; Mikhalyov, I.; Gretskaya, N.;
Johansson, L. B.-Å. Spectrochim. Acta, Part A 2006, 65, 113–122.
doi:10.1016/j.saa.2005.09.035

16. Xiao, S.; Cao, Q.; Dan, F. Curr. Org. Chem. 2012, 16, 2970–2981.
doi:10.2174/138527212804546796

17. Kanibolotsky, A. L.; Perepichka, I. F.; Skabara, P. J. Chem. Soc. Rev.
2010, 39, 2695–2728. doi:10.1039/b918154g

18. Tsiminis, G.; Montgomery, N. A.; Kanibolotsky, A. L.; Ruseckas, A.;
Perepichka, I. F.; Skabara, P. J.; Turnbull, G. A.; Samuel, I. D. W.
Semicond. Sci. Technol. 2012, 27, 094005.
doi:10.1088/0268-1242/27/9/094005

19. Kanibolotsky, A. L.; Berridge, R.; Skabara, P. J.; Perepichka, I. F.;
Bradley, D. D. C.; Koeberg, M. J. Am. Chem. Soc. 2004, 126,
13695–13702. doi:10.1021/ja039228n

20. Moreno Oliva, M.; Casado, J.; Lopez Navarrete, J. T.; Berridge, R.;
Skabara, P. J.; Kanibolotsky, A. L.; Perepichka, I. F. J. Phys. Chem. B
2007, 111, 4026–4035. doi:10.1021/jp065271w

21. Tsiminis, G.; Wang, Y.; Shaw, P. E.; Kanibolotsky, A. L.;
Perepichka, I. F.; Dawson, M. D.; Skabara, P. J.; Turnbull, G. A.;
Samuel, I. D. W. Appl. Phys. Lett. 2009, 94, 243304.
doi:10.1063/1.3152782

22. Wang, Y.; Tsiminis, G.; Yang, Y.; Ruseckas, A.; Kanibolotsky, A. L.;
Perepichka, I. F.; Skabara, P. J.; Turnbull, G. A.; Samuel, I. D. W.
Synth. Met. 2010, 160, 1397–1400.
doi:10.1016/j.synthmet.2010.04.016

23. Belton, C. R.; Kanibolotsky, A. L.; Kirkpatrick, J.; Orofino, C.;
Elmasly, S. E. T.; Stavrinou, P. N.; Skabara, P. J.; Bradley, D. D. C.
Adv. Funct. Mater. 2013, 23, 2792–2804. doi:10.1002/adfm.201202644

24. Kanibolotsky, A. L.; Vilela, F.; Forgie, J. C.; Elmasly, S. E. T.;
Skabara, P. J.; Zhang, K.; Tieke, B.; McGurk, J.; Belton, C. R.;
Stavrinou, P. N.; Bradley, D. D. C. Adv. Mater. 2011, 23, 2093–2097.
doi:10.1002/adma.201100308

25. Kuhri, S.; Engelhardt, V.; Faust, R.; Guldi, D. M. Chem. Sci. 2014, 5,
2580–2588. doi:10.1039/c4sc00326h

26. Sugimoto, H.; Muto, M.; Tanaka, T.; Osuka, A. Eur. J. Org. Chem.
2011, 71–77. doi:10.1002/ejoc.201001188

27. Diring, S.; Puntoriero, F.; Nastasi, F.; Campagna, S.; Ziessel, R.
J. Am. Chem. Soc. 2009, 131, 6108–6110. doi:10.1021/ja9015364

28. Diring, S.; Ziessel, R. Tetrahedron Lett. 2009, 50, 1203–1208.
doi:10.1016/j.tetlet.2008.12.100

29. Chen, Y.; Zhao, J.; Guo, H.; Xie, L. J. Org. Chem. 2012, 77,
2192–2206. doi:10.1021/jo202215x

http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-285-S1.pdf
http://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-10-285-S1.pdf
http://dx.doi.org/10.1021%2Fcr078381n
http://dx.doi.org/10.1039%2Fb617972j
http://dx.doi.org/10.1002%2Fanie.200702070
http://dx.doi.org/10.1039%2Fb901383k
http://dx.doi.org/10.1002%2Fejoc.201200946
http://dx.doi.org/10.1002%2Fchem.201003689
http://dx.doi.org/10.1039%2Fb925561c
http://dx.doi.org/10.1021%2Fbc400575w
http://dx.doi.org/10.1111%2Fjmi.12111
http://dx.doi.org/10.1039%2Fc3ob42554a
http://dx.doi.org/10.1039%2Fc2jm32374e
http://dx.doi.org/10.1039%2Fc2sc20731a
http://dx.doi.org/10.1021%2Fma200839q
http://dx.doi.org/10.1021%2Fjp3097555
http://dx.doi.org/10.1016%2Fj.saa.2005.09.035
http://dx.doi.org/10.2174%2F138527212804546796
http://dx.doi.org/10.1039%2Fb918154g
http://dx.doi.org/10.1088%2F0268-1242%2F27%2F9%2F094005
http://dx.doi.org/10.1021%2Fja039228n
http://dx.doi.org/10.1021%2Fjp065271w
http://dx.doi.org/10.1063%2F1.3152782
http://dx.doi.org/10.1016%2Fj.synthmet.2010.04.016
http://dx.doi.org/10.1002%2Fadfm.201202644
http://dx.doi.org/10.1002%2Fadma.201100308
http://dx.doi.org/10.1039%2Fc4sc00326h
http://dx.doi.org/10.1002%2Fejoc.201001188
http://dx.doi.org/10.1021%2Fja9015364
http://dx.doi.org/10.1016%2Fj.tetlet.2008.12.100
http://dx.doi.org/10.1021%2Fjo202215x


Beilstein J. Org. Chem. 2014, 10, 2704–2714.

2714

30. Findlay, N. J.; Orofino-Peña, C.; Bruckbauer, J.; Elmasly, S. E. T.;
Arumugam, S.; Inigo, A. R.; Kanibolotsky, A. L.; Martin, R. W.;
Skabara, P. J. J. Mater. Chem. C 2013, 1, 2249–2256.
doi:10.1039/c3tc00706e

31. Guram, A. S.; Wang, X.; Bunel, E. E.; Faul, M. M.; Larsen, R. D.;
Martinelli, M. J. J. Org. Chem. 2007, 72, 5104–5112.
doi:10.1021/jo070341w

32. Li, L.; Han, J.; Nguyen, B.; Burgess, K. J. Org. Chem. 2008, 73,
1963–1970. doi:10.1021/jo702463f

33. Algi, M. P.; Tirkes, S.; Ertan, S.; Ergun, E. G. C.; Cihaner, A.; Algi, F.
Electrochim. Acta 2013, 109, 766–774.
doi:10.1016/j.electacta.2013.07.179

34. Chi, C.; Wegner, G. Macromol. Rapid Commun. 2005, 26, 1532–1537.
doi:10.1002/marc.200500437

35. Nepomnyashchii, A. B.; Bröring, M.; Ahrens, J.; Bard, A. J.
J. Am. Chem. Soc. 2011, 133, 8633–8645. doi:10.1021/ja2010219

36. Wan, C.-W.; Burghart, A.; Chen, J.; Bergström, F.; Johansson, L. B.-Å;
Wolford, M. F.; Kim, T. G.; Topp, M. R.; Hochstrasser, R. M.;
Burgess, K. Chem. – Eur. J. 2003, 9, 4430–4441.
doi:10.1002/chem.200304754

37. Rohand, T.; Qin, W.; Boens, N.; Dehaen, W. Eur. J. Org. Chem. 2006,
4658–4663. doi:10.1002/ejoc.200600531

38. Gaussian 09; Gaussian, Inc.: Wallingford, CT, 2009.
39. Galek, P. T. A.; Handy, N. C.; Cohen, A. J.; Chan, G. K.-L.

Chem. Phys. Lett. 2005, 404, 156–163.
doi:10.1016/j.cplett.2005.01.071

40. Schäfer, A.; Huber, C.; Ahlrichs, R. J. Chem. Phys. 1994, 100,
5829–5835. doi:10.1063/1.467146

41. Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009,
113, 6378–6396. doi:10.1021/jp810292n

42. Sajjad, M. T.; Manousiadis, P. P.; Orofino, C.; Cortizo-Lacalle, D.;
Kanibolotsky, A. L.; Rajbhandari, S.; Amarasinghe, D.; Chun, H.;
Faulkner, G.; O'Brien, D. C.; Skabara, P. J.; Turnbull, G. A.;
Samuel, I. D. W. Adv. Opt. Mater. 2014, 2.
doi:10.1002/adom.201400424

43. Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.;
Nudelman, A.; Stoltz, B. M.; Bercaw, J. E.; Goldberg, K. I.
Organometallics 2010, 29, 2176–2179. doi:10.1021/om100106e

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of Organic

Chemistry terms and conditions:

(http://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjoc.10.285

http://dx.doi.org/10.1039%2Fc3tc00706e
http://dx.doi.org/10.1021%2Fjo070341w
http://dx.doi.org/10.1021%2Fjo702463f
http://dx.doi.org/10.1016%2Fj.electacta.2013.07.179
http://dx.doi.org/10.1002%2Fmarc.200500437
http://dx.doi.org/10.1021%2Fja2010219
http://dx.doi.org/10.1002%2Fchem.200304754
http://dx.doi.org/10.1002%2Fejoc.200600531
http://dx.doi.org/10.1016%2Fj.cplett.2005.01.071
http://dx.doi.org/10.1063%2F1.467146
http://dx.doi.org/10.1021%2Fjp810292n
http://dx.doi.org/10.1002%2Fadom.201400424
http://dx.doi.org/10.1021%2Fom100106e
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjoc
http://dx.doi.org/10.3762%2Fbjoc.10.285

	Abstract
	Introduction
	Results and Discussion
	Synthesis
	Thermal, electrochemical and optical properties
	TGA and DSC analyses
	Electrochemistry
	Optical properties
	DFT calculations


	Conclusion
	Experimental
	General experimental

	Supporting Information
	Acknowledgements
	References

