
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 5

/2
/2

02
6 

8:
52

:1
5 

A
M

. 
 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
Construction and
Department of Polymer Chemistry, Graduat

Katsura, Nishikyo-ku, Kyoto 615-8510, Ja

kyoto-u.ac.jp; chujo@chujo.synchem.kyoto-u

† Electronic supplementary informa
10.1039/c6ra28735b

Cite this: RSC Adv., 2017, 7, 10869

Received 27th December 2016
Accepted 3rd February 2017

DOI: 10.1039/c6ra28735b

rsc.li/rsc-advances

This journal is © The Royal Society of C
properties of a light-harvesting
antenna system for phosphorescent materials
based on oligofluorene-tethered Pt–porphyrins†

Hyeonuk Yeo, Kazuo Tanaka* and Yoshiki Chujo*

Tetramerous molecular assemblies composed of four oligofluorenes as a light-harvesting antenna (LHA)

and a Pt–porphyrin core as a phosphorescent chromophore were designed and synthesized for

obtaining efficient phosphorescent materials. The resulting molecules showed good solubility in

common organic solvents and high film-formability. From the series of optical measurements, it was

shown that bright phosphorescence was observed from the LHA molecules. Efficient energy transfer

through the cardo structure was confirmed from the oligofluorene units to the Pt–porphyrin core.

Additionally, it was shown that aggregation-caused quenching (ACQ) and oxygen-deactivation of

phosphorescence can be inhibited in the film state because of steric hinderance of bulky rings on the

cardo structure. Finally, film materials with oxygen-resistant solid-state phosphorescence were obtained.

Our material design is feasible not only for constructing highly-emissive solid-state phosphorescent

materials but also for enhancing environment resistance to emissive materials by a unique structural unit.
Introduction

Organic phosphorescent materials have attracted attention as
a key substance to obtain highly-efficient organic light-emitting
diodes (OLEDs).1 In particular, in order to realize low-cost
fabrication processes such as inkjet printing and roll-to-roll
methods, instead of vapor deposition, high solubility in
commodity volatile solvents and good lm-formability are
required for emissive materials.2 Polymeric materials with
luminescence properties are promising candidates as “inks” in
these printing-based fabrication processes because of high lm-
formability and processability.3 Therefore, development of
phosphorescent polymeric materials is a topic with high rele-
vance.4 Polymer composites and organic–inorganic hybrids
composed of phosphorescent dyes in the polymer matrices are
a feasible platform to fabricate desired materials.5 By modu-
lating types, combinations and component ratios, multi func-
tions can be obtained based on the preprogrammed design.
However, there are still difficulties to realize and maintain
homogeneous dispersion states at the molecular level.

To obtain polymer-based luminescent materials including
phosphorescent dyes, we employ the strategy for the usage of
“element-blocks”, which is dened as a minimum functional
unit composed of heteroatoms, as a platform for material
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design.6 In particular, it has been revealed that various types of
heteroatom-containing polymers showed unique optical prop-
erties.7 We focused on the cardo structure as shown in modied
boron dipyrromethene (BODIPY) as a fundamental building
block for assembling the functional optical units according to
the preprogrammed design.8 It was demonstrated that owing to
steric hinderances of the aromatic rings connected at the cardo
boron, suppression of aggregation-caused quenching (ACQ),
which is oen observed as a non-radiation process in common
organic dyes, was obtained, resulting in solid-state emission. In
addition, these emissive properties were similar to those in the
solution state. Thus, it was proposed that the cardo structure
could be useful for obtaining bright solid-state emissive mate-
rials by suppressing intermolecular interactions in the molec-
ular assembly.9 The photochemistry of the cardo structure can
be also observed in the cardo carbon.10 The uorescent dyes-
tethered polycardouorenes were prepared, and it was shown
that the cardo structure can play a role in suppressing ACQ.
Furthermore, bright emissive materials can be realized based
on the light-harvesting antenna (LHA)11 system.10 Next our goal
is to apply the advantages of the cardo structure for developing
phosphorescent polymeric materials.

Herein, the synthesis and optical properties of the phos-
phorescent materials with multiple conjugated oligomers as an
LHA unit are reported. The phosphorescent chromophore was
modied with four oligouorenes. The resulting molecules
showed good solubility in common organic solvents and high
lm-formability. From the series of optical measurements, via
the LHA process involving efficient light absorption and energy
transferring, bright phosphorescence was observed in the
RSC Adv., 2017, 7, 10869–10874 | 10869
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solution state. Additionally, it was shown that aggregation-
caused quenching (ACQ) and oxygen-deactivation of phospho-
rescence can be efficiently suppressed in the lm state because
of steric hinderance of bulky rings on the cardo structure.
Finally, solid-state phosphorescence was observed even from
the lm sample at ambient temperature in the air. This study
presents the guideline not only for constructing highly-emissive
solid-state phosphorescent materials but also for enhancing
environment resistance to emissive materials by a unique
structural unit.
Results and discussion

The platinum(II) porphyrin complexes have been used as a pure
red phosphorescent dye. Cao et al. reported OLED with tetra-
phenylporphyrin platinum(II) (PtTPP)-tethering polyuorenes
having higher device efficiencies than those with the blends
with PFs and PtTPP.12 However, their system presented
embarrassing transfer efficiency of the exciton derived from the
heterogeneous location of PtTPP by random copolymerization.
To obtain homogeneous materials containing PtTPP, the
molecular assembly was designed. In the previous study with
the dye-tethered polycardouorenes, it was demonstrated that
effective energy transfer can proceed through the cardo struc-
ture.10 Based on this information, the tetramerous molecules
with PtTPP connected to four oligouorenes via the cardo
structure were designed (Fig. 1). The cardo structures were
congured by one of the phenyl groups of PtTPP, and the PtTPP
unit was surrounded by four oligouorenes which would work
as an efficient LHA because of large light-absorption and
exciton-carrier abilities. Therefore, it was proposed that the
excitons in the oligouorene units could be transferred with
high efficiency to the PtTPP unit, resulting in the amplied
phosphorescence from PtTPP. The oligouorene units could
also work as the matrix for maintaining dispersion of PtTPP. It
was also presumed that the phosphorescent properties of PtTPP
could be preserved by the directly-connected cardouorene
from specic or non-specic aggregations which induce critical
changes in the optical properties. Moreover, it was expected that
the PtTPP units were able to be homogeneously dispersed even
in the solid state, leading to solid-state phosphorescence. To
Fig. 1 Proposed mechanism of the LHA system for obtaining
enhanced phosphorescence.

10870 | RSC Adv., 2017, 7, 10869–10874
conrm the validity of this idea, we prepared the target mole-
cules and evaluated their optical properties.

The syntheses of the LHA molecules were performed
according to Scheme 1. The porphyrin ring was directly con-
structed with pyrrole and formyl dibromocardouorene via the
Rothemund condensation.13 Subsequently, by the metalation
with H2P-Br in the presence of PtCl2 and PhCN, the promising
Pt–porphyrin core unit in the tetramerous molecule PtP-Br was
obtained. PtPF5 and PtPF7 were obtained from the connection
with the boronic acids of the dimers or the trimers of cardo-
uorenes via Suzuki–Miyaura coupling reactions, respectively.14

Aer reprecipitation in methanol several times and drying, the
products having good solubility in conventional organic
solvents such as chloroform, dichloromethane and tetrahydro-
furan were isolated. The characterization data were collected
with 1H and 13C NMR spectroscopies and mass measurements.
From NMR spectra, it was shown that the data for structural
analyses of the products were corresponded to those of the
cardouorene monomer. In addition, the single signal peaks
were observed from each compound at the expected position by
the mass measurements, indicating mono-dispersed macro-
molecular molar masses. Thus, it was concluded that the
products should possess the designed chemical structures.

The optical properties of the LHA molecules were initially
investigated by UV-vis absorption in chloroform (Fig. 2a and
Table 1). The measurements were executed with the samples
containing 1.0 � 10�6 M of the PtTPP unit. Inuence of the
oligouorene units on the electronic properties of the porphyrin
center in the ground state was examined. PtTPP exhibited the
strong and sharp absorption peak at 400 nm (Soret band) and
the weak absorption peak at 510 nm (Q band). Correspondingly,
the LHA molecules showed the strong absorption band around
400 nm and the weak absorption band around 510 nm although
the absorption band in shorter wavelength region was over-
lapped in PtPF7 because of existence of the large absorption
band with the peak around 370 nm attributable to the oligo-
uorene units. In particular, peak positions of both Soret and Q
bands were hardly shied by the introduction of the oligo-
uorene units. This fact means that the Pt–porphyrin core
should be electronically independent to the oligouorene units.
Moreover, the increase of a molar extinction coefficient was
observed by increasing the number of uorene in the absorp-
tion bands of oligouorenes. It was suggested that electronic
conjugation should be developed not between the Pt–porphyrin
core and oligouorenes but in the oligouorene units. The
cardo structure should be responsible for the electronically
isolation of each component in the ground state.

The absorption spectra of the LHA molecules were also
measured with the lm samples (Fig. 2b and Table 2). The thin
lms were prepared on the quartz plate by the drop-casting
method with the chloroform solutions containing the LHA
molecules (1.0 mg mL�1). Surprisingly, almost same shapes of
the absorption spectra to those of solutions were obtained from
the lms. It should be mentioned that peak broadening and
red-shiing were hardly observed even in the condensed state
despite Pt–porphyrin complexes commonly possess critically
high aggregation ability.15 Steric distributions of oligouorenes
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of the LHA molecules. Reagents and conditions: (a) trifluoroacetic acid in degassed CH2Cl2, r.t., for 12 h and DDQ 5 h; (b)
PtCl2 in PhCN refluxed for 2 h, and H2P-Br, 195 �C, overnight; (c) Pd2(dba)3, S-Phos, Cs2CO3, toluene, H2O, 90 �C, 2 d.
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on the cardo structures should contribute to crucially disturb-
ing intermolecular interactions of the Pt–porphyrin core,
leading to the preservation of electronic structures even in the
condensed state.

The photoluminescence (PL) spectra of the LHA were
measured in the chloroform solutions with the excitation light
at 373 nm (Fig. 3a). To suppress the annihilation of phospho-
rescence by oxygen, samples solutions were prepared with Ar
bubbling. The LHA molecules showed strong emissions in the
region from 400 nm to 500 nm and weak emissions around
670 nm. It should be emphasized that the emission intensities
Fig. 2 UV-vis absorption spectra of the LHA molecules and PtTPP (a) in

This journal is © The Royal Society of Chemistry 2017
of the LHA molecules at 670 nm markedly increased. From the
PtPF5 and PtPF7 solutions, the 11- and 16-times larger inten-
sities were observed than that of PtTPP, respectively. These data
are the direct evidence to show the LHA effect by the oligo-
uorene units. From the comparison with the spectrum from
the PtTPP solution and lifetime measurements, it was proposed
that the emission bands around 670 nm should be attributable
to phosphorescence from the Pt–porphyrin cores. These data
were supported by the fact that only the emission bands in the
longer wavelength region were annihilated by the O2-bubbling
treatment. It was conrmed that the emissions in the shorter
chloroform (1.0 � 10�6 M) and (b) in the film state.

RSC Adv., 2017, 7, 10869–10874 | 10871
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Table 1 Photophysical properties of the LHA molecules in chloroform solutions

Compound labs,max
a/nm lPL,max

b/nm FFL
c FPL

d Eeff,F
e sf/ms c2f ELHA

g

PtPF5 371, 513 410, 672 0.02 0.004 0.98 0.58 1.05 1.94
PtPF7 375, 513 414, 671 0.10 0.004 0.89 0.52 1.01 2.74
PtTPP 402, 510 663 — 0.002 — 0.46 1.13 —

a Evaluated in chloroform (1.0 � 10�6 M). b Excited at 373 nm in chloroform (1.0 � 10�7 M). c Absolute quantum yields of the emission region of
oligouorenes. d Absolute quantum yields of the emission region of the Pt–porphyrin core without O2 degassing. e Energy transfer efficiencies
calculated by quantum yields (FL5: 0.85, FL7: 0.91 in chloroform). f PL lifetimes at the emission wavelength at 670 nm in chloroform (1.0 �
10�7 M). g LHA efficiencies were calculated with the comparison to intensity of PtTPP excited at 402 nm.

Table 2 Photophysical properties of the LHA molecules in the film state

Compound labs,max
a/nm lPL,max

b/nm FFL
c FPL

d Eeff,F
e sf/ms cf

PtPF5 372, 515 665 0.001 0.024 >0.99 11 1.06
PtPF7 376, 514 664 0.001 0.026 >0.99 11 1.12

a Evaluated in the lm state. b Excited at 373 nm. c Absolute quantum yields of the emission region of oligouorenes. d Absolute quantum yields of
the emission region of the Pt–porphyrin core. e Energy transfer efficiencies calculated by quantum yield. f PL lifetimes on emission wavelength at
670 nm in lm states.
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and longer wavelength regions were attributable to uorescence
of the oligouorene units and to phosphorescence from the Pt–
porphyrin cores, respectively. These results represent that the
tetramerous molecules can gather incident light and generate
enhanced phosphorescence.

In the excitation spectra recorded at 670 nm, it was shown
that the peak shapes were corresponded to those in absorption
spectra (Fig. S1†). These data indicate that energy transfer
should occur in the LHA molecules. The energy transfer effi-
ciencies, calculated by quantum yield, are listed in Table 1.
PtPF5 indicated the larger value over 97%. This result means
that highly-efficient energy transfers from the oligouorene
units to the Pt–porphyrin core through the cardo structure
should proceed, resulting in amplication of emission inten-
sities. PtPF7 presented relatively lower energy transfer efficiency
(hET ¼ 0.89) than that of PtPF5. It is implied that intramolecular
motions in the longer conjugation unit might consume excita-
tion energy, resulting in deactivation of excited states before
Fig. 3 PL spectra of the LHAmolecules and PtTPP (excitation wavelength
2-Me-THF (1.0 � 10�7 M, at 25 �C or �196 �C).

10872 | RSC Adv., 2017, 7, 10869–10874
energy transferring. The LHA effects were also observed at
�196 �C in the 2-Me-THF solution (Fig. 3b). The excitation
spectra at �196 �C indicated that energy transfer should occur
in this temperature range (Fig. S2†). Emission intensities of
phosphorescence were signicantly enhanced by cooling. It is
likely that molecular motions should be completely frozen in
this temperature range, leading to apparent dual emissions in
the blue and orange emission ranges.

Finally, the PL properties of the LHA molecules as a solid-
state emissive material were examined with the lm samples
(Fig. 4). To evaluate the effect of the connection of the oligo-
uorene units to the Pt–porphyrin core, the composite lms
containing PtTPP in oligouorenes (5 mer: 5FL and 7 mer 7FL)
were also prepared with the drop-casting method with the same
ratios to the LHA molecules. From the composite lms, both
emissions including uorescence from oligouorenes and
phosphorescence from PtTPP were observed. Remarkably,
single phosphorescence bands were observed from the lms of
: 373 nm) (a) in chloroform (1.0� 10�7 M, Ar- or O2-bubbling) and (b) in

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Normalized PL spectra of the LHA molecules in the film state
with the excitation at 373 nm.
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the LHAmolecules. This result indicate that energy transferring
efficiencies should be greatly enhanced in the lm state.
Furthermore, ACQ was effectively avoided in the Pt–porphyrin
core although uorescence was deactivated, resulting in the
solid-state phosphorescence. It should be mentioned that all
measurements with the lm samples were performed in the air.
This fact means that the phosphorescent lms have O2 resis-
tance. Furthermore, to check the O2 resistance of phosphores-
cence in the lm, we evaluated inuence of oxygen
concentration on phosphorescence by soaking the lm sample
into water with or without deoxygenated treatment (Fig. S4†).
Then, less critical changes in the spectra were observed between
both samples. This result also means that the lm sample has
high O2 resistance. Thus, it was clearly indicated that the
tetramerous structure is valid to preserve phosphorescence
from the annihilation of O2. Owing to the steric distributions of
the oligouorene units, accessibility of external molecules
including oxygen should be highly restricted. As a result, ACQ
can be suppressed even in the condensed state. Moreover, O2-
resistant phosphorescence was obtained from the lms.
Furthermore, since electronic structures were also preserved,
bright solid-state emission via the LHA system can be realized.
Conclusion

The LHA system to offer phosphorescence was constructed
based on the tetramerous molecular architectures. By the
modication of the Pt–porphyrin complex with two types of
size-denitive oligouorenes, emissive materials can be ob-
tained. In summary, it was conrmed that enhanced phos-
phorescence can be observed via the LHA process. Moreover,
solid-state phosphorescence with oxygen resistance was detec-
ted from the lm samples. This manuscript presents three
signicant issues for the design of solid-state emissive mate-
rials: rstly, the cardo structure is the versatile platform for
realizing solid-state emission. Since functional units can be
distributed sterically, undesired intermolecular interactions
such as stacking can be disturbed, resulting in the suppression
of ACQ. This unique structural feature is favorable for receiving
solid-state emission. Moreover, by regulating accessibility due
This journal is © The Royal Society of Chemistry 2017
to steric hinderance, environmental resistance can be
improved. Secondly, electronic delocalization and conjugation
are prohibited through the cardo structure. This fact means that
each functional unit can show original and intrinsic properties
even aer the connection. In this study, both uorescence and
phosphorescence properties of the LHA molecules can be ob-
tained independently in the solution state, resulting in the dual
emissions. Thirdly, energy transferring is capable through the
cardo structure. As presented here, the LHA and emissive
materials can be constructed according to the preprogrammed
design. Thus, it can be said that the cardo structure is versatile
platforms for producing unique multi-functional optical
materials.
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