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A B S T R A C T

The control of the condensed superstructure of light-emitting conjugated polymers (LCPs) is a crucial
factor to obtain high performance and stable organic optoelectronic devices. Side-chain engineering
strategy is an effective platform to tune inter chain aggregation and photophysical behaviour of LCPs.
Herein, we systematically investigated the alkyl-chain branched effecton the conformational transition
and photophysical behaviour of polydiarylfluorenes toward efficient blue optoelectronic devices. The
branched side chain will improve materials solubility to inhibit interchain aggregation in solution
according to DLS and optical analysis, which is useful to obtain high quality film. Therefore, our branched
PEODPF, POYDPF pristine film present high luminance efficiency of 36.1% and 39.6%, enhanced about 20%
relative to that of PODPF. Compared to the liner-type sides’ chain, these branched chains also suppress
chain planarization and improve film morphological stability effectively. Interestingly, the branched
polymer also had excellent stable amplified spontaneous emission (ASE) behaviour with low threshold
(4.72 mJ/cm2) and a center peak of 465 nm, even thermal annealing at 220 �C in the air atmosphere.
Therefore, side-chain branched strategy for LCPs is an effective means to control interchain aggregation,
film morphology and photophysical property of LCPs.
© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Conjugated polymers (CPs) have attracted more attentions in
the past decades for their potential applications in solution-
processed plastic optoelectronic devices, included polymer light-
emitting diodes (PLEDs), polymer laser, polymer solar cell (PSC)
and polymer memory [1–8]. Many effective molecular design
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strategies have been proposed to construct high performance and
stable CPs via precisely controlling electronic structures [6,8–11].
Beyond the tailorable molecular p-n engineering, aggregation
behavior of CPs chain also play a key role to control photophysical
processing, exciton diffusion and charge transport [4,5,12–15].
Compared to the deposited films of small molecules, film
morphology of CPs can be tuned by solution formulations,
fabrication technology and post-processing [3,7,12,16,17]. The
precursory aggregation structure can be developed in the solution
that determines the structural rearrangement in the film-casting
process [4,16,18–20]. Up to date, various types of side chains have
been introduced into CPs to improve solubility and tune film
morphology, such as alkyl chains, hybrid, oligoether, fluoroalkyl,
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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and latently reactive side chains [21–26]. Traditionally, side chains
are used to regulate the solubility of the backbone of CPs. For
example, increasing the length of alkyl chain for CPs apparently
enhanced their solubility in organic solvent, which brings plastic
optoelectronics the advantages of low cost, large area, and
flexibility [10,27]. Besides, the aggregation behavior of the CPs is
dramatically influenced by the solubility, which intrinsically
resulted from the property of side chains [21,28]. Therefore, side
chains generate the variation of chain aggregation behavior, which
is the main factor affecting the behavior of interchain packing,
crystalline, film morphology, and photoelectrical properties.

As an important light-emitting conjugated polymer, polyfluor-
ene has been widely applied in PLEDs and laser for their easily
modification, deep-blue emission and high luminance efficiency
[5,10,16,29,30]. Structural functionalizations at 9-, 4-sited position
of fluorene enable chain to show excellent polymorphism behavior
and variable phase in condensed structure, to improve materials
optoelectronic property and further meet the various require-
ments of different devices [16,21,31–34]. The balance of interchain
aggregation and steric hindrance in polyfluorene is the preliminary
factor to induce abundant chain conformation and aggregation
behavior in solution states [35]. Among all structural element, side
chain is crucial factor to control interchain aggregation and tune
chain conformation in solution and film states [21,33,36].
Systematical exploration in polydialkylfluorenes (PFn) and bulky
polydiarylfluorenes (PnDPF, n = 6, 7, 8, 9) all-inclusive, indicated
that the octyl chain was the most advantageous length to cause
strong order aggregation, obtain planar conformation and
crystalline structure in the film state [16,21,32,33,36–41].
Compared to the linear type side chain, the branched one always
gives rise to excellent solution ability for their flexible ability,
which can also precisely control molecular arrangement and
photophysical processing in condensed structures [27,42]. In this
work, we designed and prepared two polydiarylfluorenes to
explore the alkyl-chain branched effect on the aggregation and
photophysical behavior toward stable and efficient deep-blue
electroluminescence (EL) and amplified spontaneous emission
(ASE). Optical analysis associate with dynamic light scattering
(DLS) were applied to study aggregation and photophysical
behavior in solution states. Finally, efficient and stable deep-blue
EL and ASE behaviour also been explored to confirm the branched
effect.

To demonstrate the alkyl-chain branched effect on the
aggregation and photophysical behavior, we introduce the differ-
ent branched alkyl chains with same carbon atom at 4-position of
fluorene monomer (Fig. 1). Based on our previous works
[7,30,40,43], all polymers were prepared by Yamamoto polymeri-
zation (Fig. 1a). Details of the polymer synthesis are shown in the
Supporting Information (Fig. S1 in Supporting information). The 1H
Fig. 1. (a) Chemical structures of three polymers. UV–vis absorption (b) and PL
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NMR spectra of three polymers are displayed in Fig. S2 (Supporting
information) to confirm their chemical structures. These polymers
appeared the similar chemical shifts in the aromatic region, while
in the high field region they have the different integral peaks due to
the different of branched side chain. For the PEODPF, carbon
adjacent to the oxygen atom at 4-possition, has two hydrogen
atoms on it at about 4.0 ppm, and the POYDPF sample’s carbon
adjacent to the oxygen has one hydrogen atom. Their molecular
weights, polydispersity indices (PDI) and thermodynamic data are
listed in Table 1. The number average molecular weight (Mn) and
index of polydispersity (PDI) of the three polymers were
determined by gel permeation chromatography (GPC) to be about
21–39 kDa and 1.95–2.3, respectively. These three polymers had
similar molecular weight and PDI demonstrated that molecular
weight had no effect on their various properties of polyfluorenes.
The glass transition temperature (Tg) is an indispensable parameter
of polymer. The Tg of these polymers were �171 �C for PEODPF,
�178 �C for POYDPF, �200 �C for PODPF (Fig. S3 in Supporting
information), respectively, according to the DSC measurement,
which is the effective method for recording Tg, respectively.
Notably, the PEODPF exhibited a lower Tg of 171 �C than those of
PODPF, suggested the flexible property induced by branched effect.
From Table 1 we can see, the Tg of PEODPF and POYDPF were lower
than PODPF. In this regard, compared to branched polymer, liner-
type PODPF had excellent phase and conformational transitions up
thermal annealing treatment [32].

In order to investigate the chain behavior and photophysical
properties of the three polymers, their UV–vis absorption and
photoluminescence (PL) spectra in diluted toluene solution are
illustrated in Fig.1. As displayed in Fig.1b, the absorption spectra of
the three polymers in diluted solution have similar absorption
peaks at about 392 nm, attributed to their p-p* transitions of
polyflourenes mainchain [20,33,36]. According to our previous
works [30,32,38,40,41], the shoulder absorption at about 440 nm
was observed in PODPF diluted toluene solution with a Mn of
65.7 kDa, associated with the characteristic β-conformation
absorption peak. However, this shoulder absorption peak cannot
observe in Fig. 1b, revealed the no β-conformation formation for
our type PODPF in this work. In fact, as we studied, the formation
ability of β-conformation in PODPF presents significantly was
enhanced with increasing molecular weight [32,33,40]. As
presented in Fig. 1c, the PL spectra of the three polymers have
similar emission peaks at about 429 nm, 454 nm, and 493 nm with
similar life decay time (Fig. S4 and Table S1 in Supporting
information), assigned to 0-0, 0–1, 0–2 p*-p transitions of the
typical single polyfluorene chains [20,33], all of the polymer chains
are well-dissolved in the isotropic phase. Therefore, it is easy to
conclude the slight branched effect on photophysic behavior of
single polyfluorenes chain in diluted solutions.
 (c) spectra of three polymers in diluted toluene solutions (10�3 mg/mL).
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Table 1
Summary of the structural data of the three polymers.

Polymer Mn (Da) PDI Tg (�C) Td (�C) UV-vis (nm)/b PL (nm)/b

PEODPF 3.93 � 104 1.97 171 355 392/387 429, 454, 493/436, 460, 499, 540
POYDPF 3.09 � 104 2.30 178 317 392/387 429, 455, 493/438, 458, 495, 540
PODPF 2.11 �104 1.95 200 417 395/387 429, 454, 493/437, 460, 498, 540

aMeasured in diluted toluene solution (10�3 mg/mL) of the three polymers.
bMeasured in the spin coated films from toluene solution (10 mg/mL) of the three polymers.

Fig. 2. (a) DLS curves of three polymers in toluene solutions with a concentration of
0.5 mg/mL, (b) together with their PL spectra and aggregation model in solution
states. (c) Chain behaviour model of three polymers in the toluene solution.

Fig. 3. Optical properties of three polymers in various states. (a) UV–vis absorption
and photoluminescence (PL) spectra of three polymer pristine spin-coated film. (b) PL
spectra of three polymerpristine film at low temperature (77 K).UV–visabsorption (c)
and photoluminescence (PL) (d) spectra of three polymer annealed film.
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According to previous works [7,12,16,19,20,30,35,40], aggrega-
tion will induce the formation of interchain excited state in
condensed structure and dominated their optical property.
Therefore, combining the optical analysis, dynamic light scattering
(DLS) are introduced here to investigate the aggregation-depen-
dent photophysical processing in solution sates. As displayed in
Fig. 2, with increasing the concentration from 10�3 mg/mL to
0.5 mg/mL, similar PL spectra are obtained for the PEODPF, and
POYDPF with slightly strong 0–1 band emission, compared to the
diluted solution, associated with the self-absorption or weak
aggregation [7,16,35,44]. However, characteristic β-conformation-
al PL spectra are found in the PODPF concentrated toluene solution,
similar to the previous works (Fig. 2b) [7,16,20,35]. Besides, we also
explored the corresponding interchain aggregation behavior in this
concentrated solution by DLS measurements (Fig. 2a)
[33,35,36,45]. The correlation function (g2 (t)-1) and the hydrody-
namic radius distribution (Rh) of the PEODPF, POYDPF and PODPF in
concentrated toluene solutions at 25 �C are displayed in Fig. 2. In
accordance with DLS data, two types of relaxation time are
appeared, one is POYDPF, and the other is PEODPF and PODPF. First
of all, the correlation function of PEODPF had a short relaxation
time with a Rh of estimated about �10 nm, consistent with the
extended and persistence length of individual chain [33,35],
consistent with the optical analysis. Meanwhile, this extended and
rigid chain state also support the excellent solubility of PEODPF in
this concentrated toluene solution. However, although the similar
PL spectra of POYDPF and PEODPF are observed in solution,
additional longer relaxation model at Rh = � 100 nm, is obtained for
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the POYDPF type solution, indicated the formation of nano-
aggregate in the solution states [16,33,35]. But this weak
aggregation is inefficient enough to induce the formation of
interchain excited state, reasonable explain the similar PL spectra
of POYDPF and PEODPF. Therefore, we design a chain behavior
model of three polymers in the toluene solution to further describe
the aggregation behavior (Fig. 2c). From the model, we can see the
PEODPF shown a single chain behavior, but the PODPF demon-
strated strongest interchain aggregation behavior, and the POYDPF
both simultaneously. From the above results, we infer that polymer
chain of POYDPF into aggregates may due to the lower solubility
than PEODPF. The situations for PODPF are significantly different
that there is only longer relaxation model with an Rh value of
�100 nm, indicating stronger interchain aggregation than those of
POYDPF and PEODPF [35]. These interchain aggregations provided
a platform to stabilize the formation of β-conformation in
concentrated solution in accordance with the optical analysis
[21]. Therefore, PODPF exhibited strong interchain aggregation
than those of POYDPF and PEODPF in solution, which is a key factor
to dominate the film morphology and photophysical property.

Beyond the solutions state, we also investigated the photo-
physical property of three polymers in spin-coated and annealed
film. As displayed in Fig. 3, maximum absorption peak of three
polymer pristine films are estimated about 390 nm (Fig. 3a),
associated with the polyfluorene mainchain [20,33]. And corre-
sponding PL spectra also consisted of four emission peaks at 440,
467, 500 and 540 nm, confirmed the amorphous states in the
pristine films [20,32]. However, compared to the POYDPF ones, the
well-resolved emission peaks for PEODPF and PODPF also indicated
the weaker interchain aggregation or relatively oriented chain-
ched effect on the aggregation and photophysical behavior of
efficient amplified spontaneous emission, Chin. Chem. Lett. (2019),
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chain arrangement. Meanwhile, upon decreasing the analysis
temperature, as result of the freezing out of torsional modes, these
well-resolved emission peaks in low-temperature PL spectra are
observed for all pristine spin-coated films (Fig. 3b) [13,21], also
confirmed this assumption. Obviously, there is no planar confor-
mation obtained in all three polymer pristine films. It is a common
sense that there is no enough time to allow for adjust chain
rearrangement in the spin-coated processing for the fast volatili-
zation of solvent molecules, which can reasonably explain the
amorphous state for the PODPF pristine spin-coated films
[32,33,40]. As we discussed above, three polymer chains may
rearrange and adjust each other packing model in condensed
structures upon thermal annealing [32]. Therefore, we also
explored the branched effect on aggregation and photophysical
property via thermal annealing pristine films at 220 �C in the air
atmosphere. It is easily to find that the maximum absorption peak
of PEODPF and POYDPF annealed films is about �395 nm, similar to
the pristine films (Fig. 3c). However, we can also see clearly
absorbance peak at 411 nm and 440 nm for the annealed films of
PODPF, but absent in PEODPF and POYDPF. As presented in Fig. 3d,
the PL spectra of the PEODPF and POYDPF polymers have similar
emission peaks at about 440, 459, and 499 nm, which were
assigned to 0-0, 0–1, 0–2 p*-p transitions of the typical amorphous
polyfluorene chains [20]. However, the red-shift PL spectra of
PODPF consisted of three peaks at 455, 482, 515 nm, attributed to
the planar β-conformation [32,40]. Therefore, branched PEODPF
and POYDPF appeared a higher luminance efficiency about 36.1%
and 39.5%, enhanced about 20% than those of PODPF (22.6%) but
similar decay time and radiate rate (Fig. S4 and Table S1 in
Supporting information). Besides, Raman spectroscopy is also
introduced to probe these assumption (Fig. S5 in Supporting
information) [32]. The enhancement of the intensity of peaks form
from 1290 cm�1 to 1305 cm�1 occurred in PODPF annealed films,
also confirmed the formation of β-conformation. Nevertheless, no
obvious shift are observed in Raman spectra of PEODPF and
POYDPF annealed films, also indicated no obvious conformational
transition under thermal annealing. Therefore, it is effectively
concluded that corporation of branched side chain will suppress
the β-conformation forming ability of polydiarylfluorenes. On the
other sides, these branched chains are also inhibited interchain
aggregation to improve morphological and spectral stability.

According to DLS and optical analysis of three polymers above
(Fig. 2), PEODPF, POYDPF and PODPF chain presented various
different aggregation behaviors in the solution and film states.
Therefore, we further explored the detailed morphology of their
pristine film and annealed films by AFM and XRD measurements.
Fig. 4. AFM images of three polymer pristine and annealed films: (a, b) PEODPF
pristine and annealed film, (c, d) POYDPF pristine and annealed film and (e, f) PODPF
pristine and annealed films, respectively.
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From the Fig. 4, all pristine films had smooth surface, with a
roughness of 0.462 nm for PEODPF, 0.669 nm for POYDPF and
0.480 nm for PODPF, respectively. However, after thermal anneal-
ing, three annealed films had different film surface. As we
expected, similar to pristine films, PEODPF annealed film also
present smooth surface with a slightly higher roughness of
0.819 nm, consistent with the optical and DLS analysis, also
indicated the introduction of isooctyl chain can improve film
forming ability and morphological thermal stability. According to
DLS analysis of POYDPF and PODPF, nano-aggregate (Rh = �100 nm)
is formed in the precursor solution, which may maintain in the
solution-processed film and dominate their morphology
[12,19,33,36,38,40]. This rough morphology will be enhanced
under thermal treatment at high temperature. Therefore, several
nano- and micro-domain are observed in the both annealed film of
POYDPF and PODPF. Corresponding roughness are estimated about
1.116 nm and 2.523 nm respectively. As reported in our previous
works [19,32,33], the crystalline structure was induced in the film
after thermal annealing. Therefore, PEODPF exhibited much less
aggregates compared to that of POYDPF and PODPF. Besides, X-ray
diffraction is used as a research method to obtain the information
of material morphology. From the XRD spectrum (Fig. S6 in
Supporting information), it can be seen that the three polymers
power show multiple peaks. And by the curve analysis, the u angles
were determined to be 6.1� and 10.1�, respectively, which the plane
spacing of the lattice of PEODPF were calculated to be 7.3 Å and
4.4 Å, according to the Bragg's Law method. According to this
method, we can get p-p stacking distance of the three polymers in
the Table S2 (Supporting information). The distance of p-p
interaction about 7.4 Å, are associated with the alkoxyethyl
arrangement. As displayed in Fig. S5, it was also found that the
peak width of the PEODPF, POYDPF compared with PODPF,
attributed to the weaker interchain interaction. Because of the
presence of β-conformation in PODPF, there is special peak at d
=9.6 Å, attributed to the interphase arrangement between eight of
carbon alkoxane chain and diarylflourene, and the distance
between the main polyfluorene chain formed. Therefore, it is
further confirmed multi-phase formation in PODPF, which is the
result of the synergistic effect of diarylfluorene and octyl, and the
corresponding frequency multiplication value is 3.8 Å. Therefore,
the micro-structure of the prepared samples was characterized by
XRD, consistent with the AFM and optical results.

In the last decades, polyfluorene had excellent luminance
efficiency and robust deep blue emission, which are widely
applications in deep-blue PLEDs and organic lasers [10,17,29,32].
Meanwhile, compared to the solution states, the emission induced
by the interchain excited state are significantly amplified in the
film state under electrical field, which provided an effective
platform to confirm the aggregation behaviour in condensed
Fig. 5. EL spectral stability and device performance of three polymers. (a) Device
configuration of the PLEDs. (b) EL spectra of devices based on three polymer pristine
(Top) and annealed (Bottom) films, together with their (c) performance of device
based on annealed films.
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structures [29,44]. Therefore, in order to further check this
aggregation and morphological dependent EL spectra, we also
fabricated a series of PLEDs based on these three emissive polymer
pristine and annealed films. The device configuration is shown in
Fig. 5a, similar to the previous works. As we expected, our three
polymers exhibited excellent EL spectral stability with increasing
current density from 0.5 mA/cm2 to 200 mA/cm2. PLEDs based on
the PEODPF pristine films had a deep-blue color emission (Fig. 5).
And its EL spectra consisted of 436, 459 and 493 nm with a CIE of
(0.10, 0.12). Interestingly, corresponding CIE are no obviously
change with increasing current density, confirmed the excellent EL
spectral stability. Similarly, POYDPF-based PLEDs also present
deep-blue emission with a CIE of (0.09, 0.12). Besides, it exhibited
similar EL spectra to PEODPF-based PLEDs, included three emission
peaks at 435, 459 and 488 nm. However, compared to the PEODPF
and POYDPF-based PLEDs, the 0–1 band emission at 457 nm was
enhanced for PODPF ones, compared to the 0–1 emission at
440 nm, suggested the strong interchain aggregation in the
pristine film and further induce the formation of interchain
electron coupling and excited states [7], which is consistent to the
results of DLS and XRD analysis. Meanwhile, we also constructed
three PLEDs based on their annealed films. Interestingly, PEODPF
annealed film present similar EL spectra POYDPF one but weaker
0–1 emission, also confirmed the weaker interchain aggregation in
the film states and further allow for single-chain excitonic
behavior. However, PODPF annealed films displayed excellent
stable feature EL spectra of β-conformation, consistent to the
previous work. Besides, compared to the pristine films, PLEDs
based on their annealed films present better device performance
with a highest current efficiency of 1.57 cd/A at 20 mA/cm2 for
PEODPF, 0.97 cd/A at 34 mA/cm2 for POYDPF, and 1.69 cd/A at
12 mA/cm2 for PODPF. It also confirmed the high device perfor-
mance of β-conformational film than those of amorphous state in
polyfluorene. In this regard, branched side-chain can effective
inhibit interchain aggregation, which is useful to improve the
spectral/morphological stability of efficient deep-blue PLEDs.
Fig. 6. ASE behaviour of three polym
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Compared to the amplified energy transfer from host single
chain to interchain excited state in PLEDs, ASE behavior are mostly
associated with the stable and robust emission efficiency, which is
a smart probe to explore the excitonic behavior, phase/conforma-
tional transition and morphological stability [10,17]. Besides,
functionalized polydiarylfluorenes is also a potential laser gain
medium, attributed to its advantages of high fluorescence
efficiency and excellent spectral stability. Therefore, we investi-
gated the optical gain performance of the film of the three
polymers pristine films upon the thermal annealing. Fig. 6
presented the ASE behavior of three polymers, together with the
output intensity and FWHM versus pump energy density. As a
consequent of similar mainchain, three polymers had a similar ASE
peak at around 463�468 nm, detailed as 465 nm for PEODPF,
463 nm for POYDPF and 468 nm for PODPF (Figs. 6a-c), attributed
to the 0–1 vibration transition of mainchain. Interestingly, ASE
threshold of PEODPF, POYDPF and PODPF are estimated about 6.70
mJ/cm2, 5.45 mJ/cm2 and 4.72 mJ/cm2 (Figs. 6d-f), respectively,
which are a low threshold value compared to the reported deep-
blue light-emitting conjugated polymer. In this regard, there is
slightly branched effect on the ASE behavior of pristine spin-
coated films. Meanwhile, we also measured the ASE behavior of
annealed film to check corresponding thermal stability of the gain
property. As shown in Fig. 6, ASE peak of PEODPF and POYDPF
annealed films are also emerged at 463 and 462 nm, similar to the
pristine ones, associated with the 0–1 emission peak. These
results also confirmed the excellent spectral stability upon
thermal annealing at 220 �C, similar to the analysis result of
AFM images. However, as a result of the phase and conformation
transition, PODPF annealed films presented an ASE peak at
484 nm, attributed the 0–1 emission peak of β-conformation,
consisted with the result of optical analysis. As we expected, the
ASE threshold of the PEODPF and POYDPF annealed films are 5.53
mJ/cm2, 5.35 mJ/cm2, similar to the pristine ones, also confirmed
the excellent spectral morphological stability. However, upon
thermal annealing at 220 �C, it is easy to find that the ASE
er pristine and annealed films.
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threshold of PODPF annealed films are increased dramatically,
attributed to rough morphology and serious crystallization
(Fig. 2d). Therefore, this branch effect enables PEODPF and
POYDPF film to obtain excellent stable and low threshold ASE
behavior for organic laser, attributed to the suppression of phase/
conformational transition.

To summarize, we systematically demonstrate the effect of
branched effect of the side chain on interchain aggregation and
photophysical behaviour of polydiarylfluorenes. Compared to the
liner type PODPF, the corporation of branched side chain can not
only effectively suppress planar conformation transition and
enhance morphological stability, but also improve solubility to
improve film-forming ability. Therefore, our branched polydiar-
ylfluorenes, PEODPF and POYDPF, exhibited robust deep-blue
emission and relatively stable film morphology upon thermal
annealing at 220 �C, compared to PODPF ones. Besides, PEODPF
and POYDPF also show stable deep-blue EL spectra with single-
chain excitonic behavior. Finally these robust emission and stable
film morphology also enable branched polydiarylfluorenes to
present low-threshold and efficient deep-blue ASE behavior.
Therefore, this branched strategy of side chain will inspire widely
attention to design high performance light-emitting conjugated
polymer.
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