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Monodisperse oligofluorenes have an advantage over their polymeric
counterparts due to the precise values of electronic energy levels, which
are determined by their well-defined structure. They can be synthesized
with high purity and exhibit complete batch-to-batch reproducibility of
their physical properties. The extension of oligofluorene dimensionality
by branching their conjugated backbone leads to star-shaped conjugated
systems and dendrimers. Truxene and isotruxene units are natural
branching points for oligofluorene systems, as they comprise the fluo-
rene structure as a subunit and create star-shaped oligomers with a vir-
tually no-core moiety. Dendrimers and star-shaped oligofluorenes
exhibit increased solubility, improved film-forming, thermal, optical
and electrochemical properties which make them attractive for opto-
electronic applications.
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1. INTRODUCTION

Polyfluorenes are efficient solution-processable blue emitters, that
show excellent film-forming properties, high hole mobility, great ther-
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mal and electrochemical stability. Furthermore, they are easily synthe-
sized and their properties are tunable through modification of the
structure or copolymerization[1]. They have been extensively used as
electroluminescent materials in polymeric light emitting diodes
(PLEDs)[2], photovoltaics[2], field-effect transistors (FETs)[3] and
solid state lasers[4].

Chemical purity is a key issue in the performance of optoelectronic devices
because impurities and degradation during synthesis, processing and device
operation can lead to quenching of the emission. For example, polyfluorenes
suffer from the formation of fluorenone groups in the polymer backbone (the
non-alkylated or partially alkylated methylene of the fluorene undergoes the
formation of C=0 bonds via oxidative degradation)[5]. This defect acts as a
charge or energy trap and quenches the emission efficiency, which lead to an
undesirable green emission and the loss of the saturated blue luminescence of
polyfluorenes[6]. The fluoreneone defects can be circumvented either by the
rigorous monomer purification before a final polymerization step[7] or by
using the modified procedure for the monomer synthesis[5]. However, the
final polymer properties can suffer from batch-to-batch reproducibility issues
and end-group variations.

On the contrary, monodisperse m-conjugated oligomers can be
obtained with superior chemical purity by e.g. column chromatography.
They are characterized by a well-defined structure of their relatively
short and uniform chain, which determines the precise HOMO/LUMO
energy levels of the materials, and their properties are completely repro-
ducible[8,9]. Linear oligofluorenes have been synthesized to study the
correlation between the chemical structure and molecular conformation,
as well as the electronic, thermal, optical and morphological properties
of rod-shaped m-conjugated polyfluorene systems, providing an insight
to the photophysics of this class of conjugated polymers[10]. The supe-
rior environmental stability of monodisperse oligofluorenes compared
to their polymeric counterparts has enabled their use as efficient light
emitters in organic light emitting diodes (OLEDs)[11], dye-doped cho-
lesteric liquid crystal lasers (DD CLC)[12] and organic field effect tran-
sistors (OFETs)[13].

On the other hand, linear oligofluorene, as well as their polymeric ana-
logues, can suffer from m-7 stacking intermolecular interactions which lead
to the formation of excimers, luminescence quenching and decrease in pho-
toluminescence quantum yield (PLQY). Extending the dimensionality of a
conjugated system by the branching of its backbone is a way to avoid such
interactions and to improve the emissive properties of oligomers[14,15]. In
this review we are going to focus first on linear oligofluorene systems with
co-monomers that bring to a molecule little or no increase in its dimensional-
ity, and then switch to hyperbranched monodispersed conjugated systems
with well-defined structures.
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2. DISCUSSION

2.1 Linear oligofluorene

A series of functional units have been incorporated into linear oligofluorenes
mainly to alter their electronic properties. Bryce’s group synthesized diben-
zothiohene-S,S-dioxide-fluorene co-oligomers (Figure 1-a) as efficient blue
light emitters (®p; (sol) = 0.65 — 0.67; Pp (film) = 0.44 - 0.63) with improved
electron affinity and stability towards p- and n- doping compared to their
oligofluorene analogues[16]. They also studied the donor-acceptor properties
of an oligofluorene donor terminated with a Cg, fullerene acceptor on one or
on both sides (Cg(-Fl,, or Cg,-Fl1,-Cg)[17]. Furthermore, they isolated a single
Ceo-F1,-Cg molecule on a gold surface with a Scanning Tunneling Micro-
scope (STM) tip and monitored the conductance of the single molecule and
elongated it at the junction[18]. They then reported the use of an oligofluo-
rene molecular wire with a zinc porphyrin as an electron donor and a Cg,
fullerene as an acceptor at either side (Figure 1-b). The molecules undergo
long-range electron transfer from the donor to the acceptor in the excited state
due to the increased conjugation through the oligofluorene wire. Further-
more, the charge transfer mechanism can be controlled by temperature[19].

Findlay et al. described linear oligofluorenes attached to a 4,4-di-fluoro-
4-borata-3a-azonia-4a-aza-s-indacene (BODIPY) unit either in the meso-
position (Figure 1-c) or in the befa-position, and demonstrated the suitability
of the materials as down-converters[20]. Aldred and co-workers described
the synthesis and properties of a series of oligofluorenes end-capped with
tetraphenylethene (TPE) moieties (Figure 1-d). The materials showed fluo-
rescence quenching in solution but efficient blue fluorescence in the solid
state (®Pp;, = 0.68 in PMMA film for n=5). Furthermore, solutions of the mate-
rials in tetrahydrofuran:water mixtures with a high percentage of water
showed high emission through aggregation induced emission (AIE)[21].
Feng et al. developed a series of linear diphenylamino-end-capped oligofluo-
renes with a 1,2,4-triazole electron-withdrawing core (Figure 1-e). These
donor-m-acceptor-n-donor materials exhibit strong three-photon absorption
properties, while the PhN-OF(n)-NPh analogue shows two-photon upcon-
verted deep blue lasing[22].

Huang et al. described the synthesis and characterization of donor-accep-
tor 4,5-diazafluorene-based oligofluorenes and polyfluorenes with lowered
LUMO levels compared to the corresponding carbocyclic analogues[23].
Kaeser and co-workers described a series of fluorene-benzothiadiazole or
naphthalene co-oligomers (Figure 1-f) with different hydrophilic and hydro-
phobic alkyl chains that led to the self-assembly of the oligomers into fluores-
cent nanoparticles[24]. Jdkle’s group described a new iterative procedure for
the synthesis of a series of fluoreneborane oligomers (Figure 1-g) with
decreased LUMO levels and red-shifted absorption and emission properties
for longer analogues[25]. The incorporation of the 4-cyanophenyl acceptor
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FIGURE 1
Some linear oligofluorenes reported in the literature.

end-groups, along with a 4-(9H-carbazol-9-yl)aniline donor central unit into
the oligofluorene backbone (Figure 1-h, A = -C¢H,CN), yielded blue OLEDs
with maximum external quantum efficiencies (EQE) of 4.99 — 7.40 % in the
undoped architectures, compared to the EQE of 2.00 % obtained for the ana-
logue without acceptor end-groups (Figure 1-h, A = H) and up t0 9.40 % in a
doped device[26].

The use of oligofluorenes as substituents of 2-phenylpyridine and 1-phe-
nylisoquinoline in Ir(IlT) complexes was reported by Zhao’s group and their
photophysical properties at room temperature and at 77 K were compared.
The photophysical behavior of these systems was explained by considering
an energy transfer process mainly between the triplet ligand-centered (LC)
and metal-to-ligand charge-transfer (MLCT) states[27]. Zhou and co-work-
ers described the synthesis of linear oligofluorenevinylenes attached to an
anthracene core. Their study suggests that long oligomeric arms can suppress
the formation of excimers, which is beneficial for device fabrication[28].
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The substitution pattern of a co-monomer unit can heavily affect the phys-
ical properties of a material. The DPP-oligofluorene systems DPP-C and
DPP-NC (Figure 1i)[29] have very similar structures with diphenyl-substi-
tuted 2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) as a co-monomer
positioned in the middle of an octafluorene conjugated backbone. The only
difference is that in the DPP-C molecule phenylene linkers are attached to
the DPP central unit via its 3- and 6- positions, which create a conjugation
pathway from the quaterfluorene donors to carbonyl acceptors of DPP and
facilitate the intramolecular charge transfer (ICT). On the other hand, DPP-
NC presents a linear conjugated system with more isolated donor and accep-
tor units. Not only does this difference affect the electrochemical and optical
properties of the materials, it also leads to the appearance of a sharp melting
peak in the differential scanning calorimetry (DSC) curve of DPP-C, with
only a glass transition registered for DPP-NC. This was explained by aggre-
gation of DPP-C molecules in the solid phase due to electrostatic interactions
of quadrupoles created by ICT[29].

Despite this aggregation DPP-C showed the narrowing of the spectra in an
amplified spontaneous emission (ASE) experiment[29]. The tendency of
DPP-C to aggregate in the solid state results in the alignment of HOMOs in
the aggregates, thus favoring hole mobility and making this compound a
promising candidate for OLED applications. The OFET hole mobility of this
material was estimated to be ~1.9 x 10* cm? V! s7[30].

2.2 From linear oligomers to star-shaped architectures

Star polymers and oligomers consist of three or more linear oligomer arms
joined together by a central core. They possess two or three dimensional
architecture depending on the nature of the core (flat rigid cores with rigid-
rod like arms attached provide a 2D geometry, whereas non-planar cores give
rise to 3D structures)[15]. 1D conjugated polymers and oligomers show
anisotropic properties due to the conjugation along the linear backbone, but
not along the other two dimensions. This issue leads to anisotropic properties
in aligned chains of these 1D systems and limitations in their electronic char-
acteristics when they are disordered in the bulk. The increase in dimensional-
ity of star-shaped conjugated systems represents a clear advantage compared
to their 1D analogues[31]. The characteristic shape of these materials together
with the conjugated nature of the arms provides new electrochemical, optical
and morphological properties that make them attractive for optoelectronic
applications[32].

The majority of linear oligofluorenes with co-monomers reviewed in the
previous section can be considered as systems with a core unit (co-monomer)
and one or two oligofluorene arms, depending whether a co-monomer is
incorporated at the terminal position or in the middle of the conjugated back-
bone, respectively. The charge transfer from the arm/arms to a core can lead
to the appearance of either dipole or quadrupole moments which, in the case
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of neutral systems, can have a significant effect on the supramolecular orga-
nization in the solid film. Despite their structural simplicity, some of the
aforementioned linear systems present interesting examples of energy trans-
fer. In the case of multidimensional analogues of these linear systems, both
charge and energy transfer can be affected by the higher symmetry of the
star-shaped molecule, which creates an additional handle to refine the proper-
ties of the materials.

A generic relation can be established between the linear oligomers and
their star-shaped generations by considering simple symmetry operations
over a corresponding monomer unit. If the latter possesses a symmetry point
group that includes rotational operations with an order greater than two, the
application of such symmetry operations to the whole linear molecule leads
to the construction of the corresponding star-shaped system. The application
of a C; or C4 symmetry operation to oligo-p-phenylene leads to star-shaped
systems with 3 or 6 arms, respectively[15]. If only part of the monomer unit
has rotational symmetry, the application of the symmetry operation generates
a star-shaped system with a new core. In the case of oligofluorenes, the appli-
cation of C5 symmetry operations at the centre of the benzene fragment of the
monomer leads to star-shaped systems with benzene and truxene cores. Rota-
tional symmetry C, (with n>3) of the molecule affects the electronic proper-
ties such as the degeneracy of HOMO and LUMO levels[15].

Cores with the point group D,,, and four arms can provide diagonal conju-
gation along the arms through the core, offering an additional means of tun-
ing the band gap of the materials and enhancing the dimensionality of
donor-acceptor interactions[33].

2.3 Hyperbranched compounds with a truxene core

10,15-Dihydro-5H-diindeno[1,2-a:1°,2’-c]fluorene (truxene) is a polycyclic
aromatic system with C; symmetry that can be perceived as three overlapping
fluorene fragments[34] (see Figure 2). The truxene unit can easily be func-
tionalised at C-2, C-7 and C-12 positions and at the C-5, C-10 and C-15 posi-
tions. The C-5, C-10 and C-15 positions are usually derivatized with alkyl

FIGURE 2
The truxene core with labeling.
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chains to increase the solubility and processability of the truxene unit and to
reduce intermolecular 7t-7 stacking[15].

Truxene has been employed as a starting material for the construction of
bowl-shaped fragments of fullerenes[35] and liquid crystalline com-
pounds[36]. syn-Trialkylated truxenes have shown self-assembly properties
in solution through arene-arene interactions[37] and a 3D core based on trux-
ene was employed as a scaffold for the generation of self-assembled organo-
gels[38].

The core has also been employed to synthesize star-shaped oligomers and
dendritic truxene derivatives with Tt-conjugation to the aromatic core[32,39].
Truxene-based donor acceptor systems for use as multifunctional fluorescent
probes have also been described[40]. It has been utilised as a platform for
phosphorescent Ru(Il) and Os(II) complexes[41]. Truxene has featured in
multichromophoric systems with difluoroborondipyrromethene (BODIPY)
species as a photoactive core of light harvesting antennae for application in
solar energy conversion devices. In these molecules, both the truxene and the
BODIPY harvest light but all of it is transferred to the BODIPY through
energy transfer processes[42]. The truxene unit has been used as a core in
hybrid organic-inorganic multichromophoric star-shaped systems, with their
two arms containing Os(I) complexes, and the third arm incorporating dif-
ferent BODIPY moieties[43]. The absorption range of these 2D oligomers
extended to the whole UV-vis spectrum, with the BODIPY and Os(Il)
polypyridyl units acting as a final collectors of the absorbed energy. Truxenes
have also been employed in dye sensitised solar cells as a co-adsorbent[44]
and as an organic sensitizer[45]. In an interesting report from Scherf et al.,
truxene has featured in a hyperbranched polytruxene end-capped with donor
dyes for optical applications[46]. Sdnchez and co-workers described the use
of truxene connected to [60]fullerene (C¢) as electron and energy transduc-
tion antennae[47]. Lavelée ef al. have recently developed highly absorbing
truxene-based photoinitiators for polymerization.[48] Truxene has featured
as antennae in a multiluminescent organometallic polymer to provide slow
energy transfer[49]. It was also employed in a star-shaped chromophore with
two-photon excited fluorescence properties[50].

An interesting example of a benzene-cored star-shaped structure (Figure
3-a) and truxene-based dendrimer (Figure 3-b) has been revealed by the Pei
group[51]. Modest quantum efficiency values of ~0.16% in OLEDs fabri-
cated from these compounds have been observed, with the electrolumines-
cence spectra (EL) red-shifted compared to those of PL[52].

2.3.1. Truxene-based oligofluorene systems

The functionalization of the C-2, C-7 and C-12 positions of truxene with
oligofluorenes provides an ideal scenario for the synthesis of virtually no-
core two-dimensional trigonal star-shaped oligofluorenes (see Figure 4)
[32,53,54].
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FIGURE 4

Oligofluorene truxene with the arm length rising from one fluorene unit (T1) to four (T4) and
six (T6).

Star-shaped oligofluorene truxenes are very promising materials and have
demonstrated excellent properties as the gain medium in organic semicon-
ductor lasers (OSLs)[32,55,56]. Alkyl chains in oligofluorene truxenes act as
solubilizing groups as well as spacers preventing intermolecular 7t-7 stacking
that leads to quenching of light emission. Furthermore, investigating the
physical properties of truxene-cored oligofluorenes gives a greater insight
into the effective conjugation length of the oligofluorene-truxene family.
These nanosized macromolecules show advantages over conjugated poly-
mers because they present monodisperse oligomers with a well-defined and
uniform molecular structure that enables the investigation of the impact of
molecular structure on electronic, photonic and morphological properties of
the materials in the condensed phase.

The absorption spectra of these oligofluorene truxenes in solution and in
the solid-state present strong 7T-mt* absorption bands that are red-shifted as the
number of oligofluorene units in the arms increases (the maximum absorp-



SYNTHESIS AND ANALYSIS OF HYPERBRANCHED OLIGOFLUORENES 183

tion peaks rising from 343 nm for T1 to 379 nm for T6). They are highly
fluorescent in solution and in the solid-state with PLQY (®p;) values for the
longer oligomers ranging from 0.70 to 0.86 in solution and from 0.43 to 0.60
in the solid state, close to those of polyfluorenes. These molecules are bright
blue emitters and their photoluminescence (PL) spectra are red-shifted as the
length of the oligofluorene arms increases (Ap; ~ 400 - 420 nm). They all show
the typical vibronic structure for polyfluorenes, whose shape is independent
of the conjugation length in solution but their relative intensity varies in the
solid state[32,57].

Cyclic voltammetry (CV) studies have proved that these materials have
good electrochemical stability both to p- and n-doping and have shown that
all the oligomers are high band-gap materials (in the range of 3.20 - 3.40
eV)[57]. According to DFT calculations, the degeneracy of the frontier
orbitals arising from the symmetry of the molecule is maintained only for
truxene itself and the first member of the oligofluorene-truxene series,
T1[58].

Thermal and morphological stability are key issues for device perfor-
mance. Thermogravimetric analysis (TGA) of oligofluorene truxene materi-
als shows stability up to 400 °C in an inert atmosphere, increasing slightly as
the oligofluorene arm length increases. All the oligomers are amorphous
materials at room temperature (although T1 shows some crystallinity), and
present increasing glass transition temperatures from T1 to T4[32].

T4 (= 4 nm molecular radius) has been employed to produce fluorescent
microstructures when blended with the UV-photoresist material, 1,4-cyclo-
hexanedimethanol divinyl ether (CHDV), which can be cross-linked by direct
laser writing[59]. This encapsulation process enables individual photopro-
cessing of nanoscopic organic light-emitting molecules, reduces oxygen dif-
fusion and photo-oxidation and makes possible the creation of all-organic
optical devices, which had not been achieved so far due to the incompatibility
of organic light-emitting molecules with conventional photolithography
materials. Furthermore, a fluorescent microstructure of T4/CHDV was
micropatterned on silicon dioxide using DIP-pen nanolithography.[60] The
compound T3 (3.1 nm molecular radius) has also been blended with CHDV
to provide a micro-patterned composite over GaN light-emitting devices
(LEDs) as micro pixels, via solvent-free inkjet printing. This hybrid GaN/
organic device allows the conversion of UV light emitted by the inorganic
LED to blue emission (in the visible spectrum) by the oligofluorene truxene
material[61]. Additionally, free-standing membranes of T3/CHDV blends
were prepared, showing ASE thresholds around 80 kW-cm?[62]. The same
group described the first use of a monodisperse star-shaped oligofluorene in
an encapsulated and mechanically flexible format. The T3/CHDV was
employed in a DFB laser with an increased stability from a degradation
energy dosage of 11.5 J-cm™ (in ambient form) to that of 53 J-cm™ (for encap-
sulated material)[63].
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Guilhabert and co-workers fabricated and characterized a flexible 4x4
array of organic semiconductor lasers with T3 as the gain medium. The lasers
presented wavelength uniformity across the array with a lasing threshold of
14 kW-cm™ and the output could be tuned by 10 nm upon flexing the sub-
strate[64]. Samuel’s group developed DFB lasers employing the oligofluo-
rene truxene materials as the gain medium. Their T3 laser presented a lasing
threshold of 515 W-cm™ and a very broad wavelength tunability across 51 nm
(422 — 473 nm) in the deep-blue region, with lower ASE threshold and higher
solid-state PLQY (®p; (film) = 0.86), neat gain coefficient and lasing tun-
ability than T4[56]. On the other hand, T4 (D (film) = 0.73) was employed
in a DFB laser with a lower lasing threshold than for T3 (270 W-cm™). This
low threshold was attributed to a low ASE threshold and low waveguide loss
coefficient of 2.3 cm™ due to the amorphous nature of the T4 films (the wave-
guide optical losses of this material within a thin waveguide film are reduced
by more than a third in comparison to polyfluorene). Moreover, lasing wave-
length tunability has been achieved across 25 nm in the blue part of the spec-
trum by changing the period of the corrugated substrate of the DFB
resonator[55]. Recently, the T3 star-shaped system was also used as a blue
component in a RGB-white laser together with the aforementioned DPP-C
oligomer as a red lasing material[65].

Radial oligofluorene truxenes with six arms (Tr1 - Tr4) in the C2, C3,
C7, C8, C12 and C13 positions of the truxene core (Figure 3) have also
exhibited efficient luminescence in the solid state, amorphous character-
istics, good solubility in common organic solvents, well-defined molecu-
lar size and structure, and high purity via column chromatography. They
exhibit efficient deep-blue emission with high PLQY (®p; = 0.64 — 1.00
in solution and 0.50 — 0.90 in films) and their absorption and emission
spectra are blue-shifted with respect to their oligofluorene truxene ana-
logues with three arms (T1 - T4), due to steric hindrance between the core
and arms, that leads to a decrease in the degree of conjugation. A DFB
laser of Tr3 afforded a low threshold (109 W-cm™) and wavelength tun-
ability from 421 to 442 nm, achieved by the control of the film thickness
(100 - 150 nm)[53].

When the length of oligofluorene arms increases from 3 to 6, molecules
exhibit increasing two-photon absorption due to the elongated mt-conjugation.
The oligomer T6 shows the threshold for two-photon absorption pumped
amplified spontaneous emission of 2.43 mJ cm™2, which is the best result for
organic semiconductors[54]. It makes these radial oligofluorene truxenes the
most suitable candidates for non-linearly pumped light-emitting materials.

2.3.2. Oligofluorene-truxene star-shaped systems containing the
2,1,3-benzothiadiazole unit

The electron-deficient character of the 2,1,3-benzothiadiazole (BT) hetero-

cycle can be used for stabilization and spatial localization of the LUMO in
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FIGURE 5
Structures of oligofluorene-truxene star-shaped systems containing the 2,1,3-benzothiadiazole
unit

conjugated structures and it is widely applied in the design of organic semi-
conductors. Following the study of the aforementioned oligofluorene truxene
structures (T1-T4), new T4-based compounds with the fused bicyclic
2,1,3-benzothiazole molecule inserted sequentially at each of five possible
positions were reported (Figure 5)[66].

Absorption spectra in the solid state for compounds T4BT-A, -B, -C, -D
and —E show high energy localized-localized mt-m* transition peaks around
220 nm. The delocalized-delocalized nt-i* transition for T4BT-A and T4BT-
D show the most intense peak at 362 nm and 370 nm, respectively, with a
well-defined shoulder at 320 nm, so transitions between the HOMO and
higher lying delocalized unoccupied orbital are split into two components. In
the meantime, similar transitions for T4BT-B and T4BT-C show peaks
around 356 nm, with an unresolved shoulder around 320 nm. The character-
istics of the spectra correlate with the position of the BT unit in the chain
between the outlying conjugated 9,9-dihexylfluorene units and 9,9-dihexyl-
fluorene units attached to the core. The most red-shifted delocalized-delocal-
ized m-m* transition peak is found to be for T4BT-E, where the sequence of
five 9,9-dihexylfluorene units is involved in transitions. All the members of
the T4-BT series except T4BT-E exhibit a transition from the HOMO delo-
calized across the oligofluorene arms to the LUMO localized on the BT units
with the fitted peak positioned at 445 nm for T4BT-A and T4BT-D pair and
440 nm for T4BT-B and T4BT-C. This transition possesses a degree of ICT
character and is not present in the spectrum of T4BTE. TD-DFT calculations
for the latter compound reveal the low oscillator strength for the ICT transi-
tion due to a small overlap between the HOMO and LUMO of T4BT-E.
Photoluminescence spectra show the same kind of correlation with T4BT-B
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and T4BT-C having the most red-shifted PL of 562 nm, T4BT-A and T4BT-
D being slightly blue-shifted (553 nm) and T4BT-E having strongly blue-
shifted PL at 507 nm.

All the compounds of the series are green light emitters with good thermal
stability, solubility and film-forming properties. Efficient electrogenerated
chemiluminescence (ECL) has been observed for the T4BT-B molecule mak-
ing this family of compounds promising materials for highly sensitive ECL
sensors[67,68].

2.3.3 Truxene-based star-shaped molecules with other fluorene-related and
non-oligofluorene arms

Truxene has been employed as a core for other star-shaped materials with
other oligomeric arms. Zhou et al. developed a family of star-shaped
oligo(fluorene vinylenes) with a truxene core showing two-photon absorption
properties, Figure 6-a[69]. Pei’s group has investigated extensively the prop-
erties of truxenes coupled to different types of oligomeric arms. They devel-
oped a series of oligo(p-phenylene) functionalized truxenes (Figure 6-b) with
1-4 phenylene units per arm as efficient blue emitters with high glass transi-
tion temperatures, good solubility in common organic solvents and good
film-forming properties[70]. They also synthesized the oligo(fluorene ethyn-
ylene truxenes) (Figure 6-c), that possessed efficient greenish-blue light
emission for OLED applications[71]. Similarly, Chen and co-workers
described a series of star-shaped oligofluorenes (n = 1 - 3) with a tri(ethynyl)
truxene core. The materials show a small bathochromic shift in the absorption
spectra (both in solution and solid state) and solution PL spectra with respect
to their T1 - T4 analogues, but a large red shift in the solid-state PL spectra,
possibly due to some extent of ordering in the condensed phase[72]. In both
types of star-shaped systems an unexpected blue shift and a change in the
shape of the solid-state PL spectra occurs when the length of the arms is
increased to n > 3. This effect might be a consequence of greater disorder in
the condensed state due to the flexible ethynylene linkers between the core
and the arms[15].

A series of star-shaped truxenes derivatized with oligothiophenes (Fig-
ure 6-d) were also synthesized[39] and applied in OFETs by Pei and co-
workers[73]. The same group also investigated the potential use of
star-shaped truxene cored materials for organic photovoltaics. Their materi-
als with a truxene core and 3,4-ethylenedioxythiophene (EDOT) units in
the arms with Cg, end groups (Figure 6-e) have given rise to donor-acceptor
systems[74]. They developed dendritic star-shaped systems with the trux-
ene core as a branching point and thienyleneethynylene arms as linkers[74].
They then designed more complex asymmetric truxene-cored materials
substituted with thiophen-2-yl and 5-(2-(thiophen-2-yl)vinyl)thiophene-
2-yl arms end-capped with 4-(diphenylamino)styryl donor or 2-(4-cyano-
5-(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran-3-yl)vinyl acceptor
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FIGURE 6
Some star-shaped truxene-cored materials with oligomeric arms reported in the literature.

groups with potential applications in OPVs (Figure 6-f)[75]. A shape-per-
sistent truxene-cored molecule with thiophene-functionalized bisterpyri-
dine Ru(II) complex was also developed by this group for light harvesting
applications[76].

2.4. Star-shaped oligofluorene systems with a non-truxene core

Star-shaped oligofluorene architectures with other cores have also been syn-
thesized. Starburst oligofluorene benzene materials (Figure 7-a) are deep-
blue emitters and have high PLQY s both in solution and solid state ( p;, =0.41
- 0.85 in solution and 0.21 - 0.56 in films)[77]. They present good thermal
stability and form amorphous films. Their PL spectra present a bathochromic
shift with an increase in conjugation length along the arms. CV experiments
show good stability towards oxidation and reduction giving evidence of inde-
pendent processes in the arms, which are not cross-conjugated through meta-
connections in the core. Tsiminis and co-workers reported the use of a family
of starburst materials with a benzene core and three oligofluorene arms (B1
— B4) as the gain media in blue-emitting DFB lasers with low lasing thresh-
olds (1.1 kW-cm™) and high efficiencies (6.6 %). Furthermore, combinations
of the B2-B4 materials in the gain medium enable up to 60 nm spectral tun-
ability[78]. A series of highly twisted materials with a benzene core and six
oligofluorene arms has recently been reported. An OLED fabricated with
these electroactive materials has shown an external quantum efficiency of 6.8
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FIGURE 7

Some cores for star-shaped architectures reported in the literature: a) benzene, b) isotruxene, c,d)
triazatruxene, e) pyrene, f) porphyrin, g) TCTA, h) DPP, i) tridurylborane, j) spirofluorene, k1)
BODIPY

%, the highest efficiency reported so far for non-doped star-shaped deep-blue
electroactive materials[79].

Yang et al. synthesised star-shaped oligofluorenes with an isotruxene core
(see Figure 7-b). Isotruxene is an isomer of truxene that simultaneously pos-
sesses the para-, meta-, and ortho-substituted patterns for the phenylene
rings[80]. The presence of the para- and ortho- linkages between arms of
isotruxene — oligofluorene systems leads to stronger electronic couplings
between the phenylene rings than in the truxene derivatives, in which only
meta-linkages are present. This effect is reflected in broader and red-shifted
absorption spectra compared to that of truxene analogues. Star-shaped oligo-
fluorene isotruxene derivatives present excellent thermal and electrochemical
stability, with blue light emission and high PLQYs (®p; = 0.77 - 0.79). They
show higher glass transition temperatures and lower oxidation potentials for
generating the hole carrier than their truxene analogues. Furthermore, they
have little chain length dependence for the oxidation and reduction potentials
and PL spectra (saturation in conjugation with n = 2 - 3). This effect arises
from the fact that the isotruxene core provides the conjugated pathway
between the arms. This contrasts with oligofluorene truxene systems, in
which interactions through meta-conjugation are negligible and the proper-
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ties of the whole molecule are more similar to a single oligofluorene arm[81].
It is interesting to note that, although in the case of the star shaped systems
B1-4 and T1-4 with meta-linked arms there is no conjugation through the
core in the ground state, electronic communications between the arms are
still possible in the excited state, which leads to redistribution of excitation
between the arms[82,83]. More recently, a series of ladder-type oligophenyl-
enes with an isotruxene core with full two-dimensional conjugation both in
the ground and excited states has been described[84,85]. These blue emitters
present high PLQY's (®p; = 0.73 - 0.82) in CH,Cl, solutions[85] and a batho-
chromic shift with respect to linear analogues, indicating good delocalization
of the excitons along the 2D conjugated backbone, owing to the para/ortho
branching provided by the isotruxene core.

Tri- and hexa-(oligofluorene)triazatruxenes (Figure 7-c,d) have also been
synthesised, showing bright blue emission, high quantum efficiencies (up to
0.87 in solution and 0.76 in the solid state) and enhanced hole transport prop-
erties compared to those in the oligofluorene truxene series, due to the higher
HOMO Ilevel of the star-shaped oligofluorenes with a triazatruxene core.
These systems have been employed in OLEDs, achieving deep blue electro-
luminescence with high efficiency and brightness. Their properties as prom-
ising gain materials have also been investigated[86,87].

The same group investigated a series of star-shaped cruciform oligofluo-
renes with a pyrene core (Figure 7-e) as light blue emitters for OLEDs[88].
The materials were also employed as the gain medium in DFB lasers obtain-
ing low lasing threshold (even when increasing the temperature up to 50 °C
above their glass transition temperature) and wide wavelength tunability[89].

Recently, a series of star-shaped oligofluorenes with a tetra(phenyl)ethene
(TPE) core has been designed to explore aggregation induced emission (Fig-
ure 8). The piezofluorochromic properties of the first member of the series

TPE1: n=1, X=H
TPE4: n=4 X=H CHs
TPESi: n=1, X= —3S5i=CH,

&
SR o
O

FIGURE 8
The TPE-core oligofluorene series.
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(TPEL1) are reported and show the potential application of this type of materi-
als in lasing-based sensors[90].

Star-shaped oligofluorenes with a porphyrin core (Figure 7-f) and four
arms present blue absorption and red emission due to an energy transfer pro-
cess, which is enhanced with the increase in the chain length of the arms[91].
The same group also synthesized analogous porphyrin-cored oligocarbazole
star shaped materials of up to 7.4 nm radius as efficient red emitters for opti-
cal applications[92].

Monodisperse starburst systems with tris(carbazol-9-yl)-triphenylamine
(TCTA, Figure 7-g) and six oligofluorene arms of length n= 2 - 4 show bright
fluorescence in solution and solid state, high PLQY's and an increased hole
mobility due to the presence of the TCTA core, which reduces the energy dif-
ference between the HOMO and the work function of ITO. They have been
used for the fabrication of OLEDs using the oligomers as the emissive and
hole-transporting materials[93].

The star-shaped system with a DPP core and quaterfluorene arms (DPP-
Star, Figure 7-h)[29] presents an example where the extended core structure
and alternating positions of the partially electron-rich and electron-deficient
phenylene linkers results in a special kind of aggregation, different from that
described for the linear analogue (DPP-C) at the end of section 2.1. In spite
of the negative effect of this aggregation on the emissive properties of the
material, it still can be useful for design of supramolecular interactions in the
bulk of organic semiconductors.

Recently two star-shaped tridurylboranes (Figure 7-i) with three mono or
bifluorene arms were described. The materials have excellent solubility and
thermal stability and the compound with monofluorene arms has been
employed as a host material in a green phosphorescent OLED[94].

Spiro oligofluorenes, in which the two fluorenes of the core have a relative
90° orientation (Figure 7-j) possess good thermal stability towards crystallin-
ity and excellent amorphous film-forming properties. These systems are blue
emitters with similar spectroscopic characteristics in the solution and con-
densed state, and present ®p; = 0.50[95].

Spirobifluorene derivatives in themselves are used as building blocks for
the synthesis of materials for organic optoelectronics. Steric hindrance cre-
ated by the perpendicular arrangement of two parts of the spiro structure
suppresses efficiently molecular interactions between mt-systems. Spiro com-
pounds demonstrate better solubility, significantly higher glass transition
temperature and more intense fluorescence compared to their linear analogs
[96]. Structures based on the dispirofluorene-indenofluorene (DSF-IF) unit
(Figure 9-m) were extensively investigated in the group of Poriel and Rault-
Berthelot and were applied as emitters in OLEDs. DSF-IF consists of two
spirobifluorene units linked via a shared phenyl ring and demonstrates advan-
tages of both indenofluorene and dispirofluorene architectures [97]. Absorp-
tion spectra for DSF-IFs present bands around 230, 254, 300, 310 nm and
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three additional bands at 330-335, 335-340 and 345-350 nm which are well
correlated with those observed for indenofluorene at 319, 328 and 334 nm.
The observed bathochromic shift is most likely due to the spiro-linkage
between fluorene and indenofluorene moieties: interaction between two
orthogonally linked 7 systems results in spiroconjugation, which is also
proved by CV studies [98]. An extended analog of the DSF-IF oligomer with
fluorene units spiro-linked to positions 6 and 15 of 6,9,15,18-tetrahydro-s-
indaceno[1,2-b:5,6-b’]difluorene as a central conjugated unit instead of inde-
nofluorene (Figure 9-n) was studied as well, showing a smaller HOMO-LUMO
gap resulting from the increase in conjugation of this system [99]. The prop-
erties of DSF-IF based compounds can be easily tuned by changing the posi-
tion of the fluorene substituent in the structure. Thus the fluorescence
behavior of the dispiroterfluorene-indenofluorene (2,1-a)-DST-IF isomer,
possessing a cofacial terfluorene moiety (Figure 9-0), is significantly differ-
ent from its less hindered analog (1,2-b)-DST-IF (Figure 9-p) due to the influ-
ence of intramolecular 7t-1t interactions between terfluorene units. The optical
behavior of both structures was compared with that of their constituents:
DSF-IF isomers studied previously in the same group [100] and terfluorene
(3-F). As it could be expected, the absorption spectra demonstrate low energy
bands around 354-355 nm corresponding to m-m* transitions involving ter-
fluorene units and high energy bands at 343-347 nm attributed to the w-rt*
indenofluorene transition. Both DST-IF based compounds have an optical
band gap of around 3.15 eV which are more comparable to the data observed
for terfluorene derivatives than to that of DSF-IF, hence the HOMO-LUMO
gap is controlled by the extended m-conjugated system of terfluorene units.
The (2,1-a)-DST-IF and (1,2-b)-DST-IF materials demonstrate deep blue
fluorescence in solution but their fluorescence spectra have some significant
differences. For both compounds the emission in solution originates mainly
from the terfluorene units, but the contribution from frustrated intramolecular
excimers is also important for (2,1-a)-DST-IF with its face-to-face organiza-
tion of terfluorene units. The emission of (2,1-a)-DST-IF in the solid state is
very different from that in solution and is attributed to intramolecular excimer
formation resulting from stacked face-to-face terfluorene units. The (2,1-a)-
DST-IF was used in a single layer SMOLED and demonstrated stable blue
emission[101]. Other analogs of DSF-IF containing xanthene instead of the
fluorene unit were reported as well, presenting new opportunities for tuning
of electronic properties[102]. It was also proven that the position of substitu-
ents on the spirobifluorene core leads to important changes in its behavior and
these materials can be used as hosts or emitters in OLEDs depending on the
nature of the substituents [103,104].

The syntheses of two families of BODIPY-based systems were reported. Oli-
gofluorene arms (n = 1-4) are attached in two ways: at the meso-position linked
via a phenylene unit and o-position of the BODIPY core (Figure 7-k), or at the
meso- and B-positions (Figure 7-1) resulting in the formation of Y- and T-shaped
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FIGURE 9
Spirobifluorene-based oligomers.

molecules, respectively[105]. The efficiency of these systems as down-converters
for visible light communication was studied recently. Their high illumination
performance and short photoluminescence lifetime makes them a promising
material for replacing currently used phosphor analogs[106,107]. Recently, by
using the blend of T4BT-B and Y-B3, a fast color conversion has been achieved
with a near complete (>90%) energy transfer from the truxene-BT-oligoflurene
system to the BODIPY star-shaped oligomer[108].

Other 3D star-shaped oligofluorenes have been described, for example
with an adamantane core of tetrahedral architecture[109], 2.,4,6-triphe-
nyl-1,3,5-triazine core and N,N,N’,N’-tetraphenylbenzidine core with flexible
spacers[110] or a water soluble material with a polyhedral oligomeric silses-
quioxane (POSS) core for cellular imaging[111]. These three-dimensional
star-shaped oligoflourene materials have not been studied in as much depth as
their two-dimensional counterparts.

3. CONCLUSIONS

Hyperbranched oligofluorene systems are proved to be promising materials
in the field of organic electronics. The star-shaped architecture improves mor-
phological, electrical and optical characteristics of materials due to the
increase in dimensionality. As it could be seen from the examples described
above, hyperbranched oligofluorene materials combine the good solubility
and excellent film-forming properties of polymers with the precise positions
of electronic energy levels of monodisperse systems due to their well-defined
structure. A great synthetic versatility in creating star-shaped oligomers can
be achieved with complete batch-to-batch reproducibility. Moreover, the star-
shaped architecture gives an opportunity for materials scientists to explore
intricate electronic communications between the arms of the molecules and
the core. The possibility of charge and energy transfer within a star-shaped
system and the effect of the symmetry on its electronic properties make this
type of conjugated system attractive for developing new materials for one-
and two-photon absorption pumped lasers, down-converters, OLEDs, ECL
sensors or OPVs.
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