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Abstract Precisely optimizing the morphology of functional hybrid polymeric systems is crucial to improve its photophysical property and
further extend their optoelectronic applications. The physic-chemical property of polymeric matrix in electrospinning (ES) processing is a key
factor to dominate the condensed structure of these hybrid microstructures and further improve its functionality. Herein, we set a flexible
poly(ethylene oxide) (PEO) as the matrix to obtain a series of polydiarylfluorenes (including PHDPF, PODPF and PNDPF) electrospun hybrid
microfibers with a robust deep-blue emission. Significantly different from the rough morphology of their poly(N-vinylcarbazole) (PVK) ES hybrid
fibers, polydiarylfluorenes/PEO ES fibers showed a smooth morphology and small size with a diameter of 1~2 um. Besides, there is a relatively
weak phase separation under rapid solvent evaporation during the ES processing, associated with the hydrogen-bonded-assisted network of PEO
in ES fibers. These relative “homogeneous” ES fibers present efficient deep-blue emission (PLQY>50%), due to weak interchain aggregation. More
interestingly, low fraction of planar (8) conformation appears in the uniform PODPF/PEO ES fibers, induced by the external traction force in ES
processing. Meanwhile, PNDPF/PEO ES fibers present a highest sensitivity than those of other ES fibers, associated with the smallest diameter and
large surface area. Finally, compared to PODPF/PVK fibers and PODPF/PEO amorphous ES fibers, PODPF/PEO ES fibers obtained from DCE
solution exhibit an excellent quenching behavior toward a saturated DNT vapor, mainly due to the synergistic effect of small size, weak
separation, B-conformation formation and high deep-blue emission efficiency.
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INTRODUCTION

In the last decades, light-emitting m-conjugated polymers (LCPs)
have attracted more and more attentions in fundamental
researches and industrial areas, owing to the easily structural
modification, high emission efficiency and intrinsically flexible
mechanical properties"””'" Up to date, p (D)-n (A) molecular
design is an effective strategy to precisely tune the
intramolecular m-electron delocalization and interchain 7r-
electron coupling,'>""! and the former controls the absorption
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and emission behavior,'>'9 while the latter is crucial for
improving the charge transport ability and exciton diffusion in
solid states.!'~2" In fact, in addition to the intrinsic electronic
structure, the hierarchical structure of LCPs is the key factor in
improving their photophysical properties and expanding their
optoelectronic applications.*?2-2! For example, as a preliminary
structure, chain structure is the fundamental parameter that
determines electronic structure, conformational behavior and
condensed structure.'>71427.28] Significantly different from
insulating plastics, “secondary” conformational behavior of
LCPs chain can not only precisely control the effective
conjugated length and electron delocalization, but also
modulate interchain packing model.”®-32 Finally, condensed
structures (including interchain arrangement and surface
morphology) will also dominate the excitons formation,
migration and diffusion, and energy transfer, thus affecting the
emission efficiency, color purify and charge mobility.['025:2633-36]
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Therefore, precisely controlling hierarchical structure of LCPs
provides an effective strategy to improve their photophysical
properties and expand optoelectronic applications.

Among all experimental parameters, directional force can
induce chain complanation, anisotropic interchain arrange-
ment and excellent one-dimensional nanostructure morpho-
logy of LCPs.'7-19371 |t is a convenient means to adjust and
improve the optoelectronic properties of LCPs.38! In general,
electrospinning is a universal technique for achieving this ex-
ternal force to obtain one-dimensional nano- and microstruc-
ture with diverse molecular conformations and morpholo-
gies.B9-431 |n fact, the size and surface morphology of these
electrospun (ES) fibers are important parameters to affect the
photophysical properties and their practical applications.[43:44]
Meanwhile, the efficient dispersion of LCPs chain in hybrid
electrospun fibers can also improve the emission efficiency
and color purity.*3 Beyond the preparation conditions, con-
sidering the requirement of the high viscosity of precursor
solutions in electrospinning processing, the selection of poly-
mer matrix can be used to adjust the size, component disper-
sion and morphology of electrospun fibers, together with the
hierarchical structure (including chain conformation and in-
terchain arrangement) of LCPs.[#3431 As a kind of important
deep-blue LCPs, polyfluorene (PFs) is used as an emissive
component in ES fibers due to their high deep-blue efficiency.
It has been widely applied in organic laser, organic light-emit-
ting diodes and organic sensor.1646] Therefore, according to
our recent work,*1 polydiarylfluorenes (PHDPF, PODPF and
PNDPF) and poly(N-vinylcarbazole) (PVK) hybrid ES fibers are
obtained to check the effect of molecular structure on the
conformational behavior (Schemes 1a and 1b). However,
these hybrid ES fibers present a large size with a width of >8
um. Meanwhile, a series of micro-aggregate are observed in
these fibers. This indicates that there is severe phase separa-
tion and inefficient dispersion in ES fibers, which are negat-
ively effect on the emission behavior for the detection sensit-
ivity of explosives. More importantly, there are many pores
found on the surface of polydiarylfluorenes/PVK ES fibers, fur-
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ther confirming the serious phase separation. And that also
proves the lower interchain packing density due to the rigid
backbone structure with a large free volume (Scheme 1c¢).
Therefore, it is urgent to select a flexible matrix with a low
free volume and high viscosity to improve the detection sen-
sitivity of explosives. Compared with PVK chain, polyethylene
oxide (PEO) has an excellent flexible backbone structure,
hydrogen-bonded-assisted network and excellent interchain
entanglement. So it is beneficial not only to improve the dis-
persion of LCPs but also to optimize the surface morphology
of hybrid ES fibers (Scheme 1d).[47.48! Therefore, in this work,
we selected PEO as a matrix to prepare a series of polydiaryl-
fluorenes hybrid ES fibers, and then tune chain conformation
and optimize the morphology of ES fibers to improve their
sensing sensitivity (Scheme 1). As a result, different from poly-
diarylfluorenes/PVK ES fibers with the rough surface and inef-
ficient dispersion, polydiarylfluorenes/PEO ES fibers show
smooth surface morphology with a uniform deep-blue emis-
sion, which are useful to obtain a high emission efficiency of
60%. Finally, due to the small size, smooth surface and high
emission efficiency, polydiarylfluorenes/PEO ES fibers have a
better sensing sensitivity to explosives than those of PVK ES
fibers. This also confirms the effectiveness of our assumption.

EXPERIMENTAL

Experimental details are outlined in the electronic
supplementary information (ESI).

RESULTS AND DISCUSSION

According to previous works, 4% strong m-m stacking of
pendant carbazoles (Cz) in PVK backbone structure are existed
in the solid state, which was probed by the obvious and feature
emission at 420—400 nm. Additionally, rigid aromatic structure
of PVK also caused a serious phase separation between PVK and
polydiarylfluorenes. Therefore, with the rapid solvent
evaporation, a number of pores and aggregates appeared on
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Scheme 1 (a) Chemical structures of polydiarylfluorenes used in this work. (b) Schematic diagram of light-emitting ES hybrid fibers
from electrospinning setup. Unique physic-chemic properties of PVK (c) and PEO (d) as a matrix in electrospinning (ES) processing. Dash
lines represent the non-covalent interactions, such as - interaction for PVK, hydrogen-bonding interaction for PEO.
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the surface of PODPF/PVK ES fibers (Figs. 1a—1c). What is more,
as fluorescent microscopic (FLM) images shown in Fig. 1(c),
although PODPF/PVK ES fibers show a deep-blue emission,
there are many nano-aggregate found in the ES fibers. These
aggregate may be attributed to the formation of PODPF
domain, which is the original driving force to induce the
formation of planar () conformation in these ES fibers, similar to
our previous workP” On the other side, this inefficient
dispersion also reveals the severe phase separation in the ES
processing under rapid solvent evaporation. In contrary, purify
PEO ES fibers have a smooth and continuous surface without
any pores, which also indicates its excellent ES processing
capacity (Fig. 1d). Similar to PEO system, the same smooth
surface is also observed on the PODPF/PEO ES fibers (Fig. 1e).
More interestingly, as shown in Fig. 1(f), the PODPF/PEO ES
fibers display relatively uniform deep-blue emission, indicating
that PODPF is evenly distributed in the fibers with almost no
phase separation in the ES processing. Hydrogen-bonded-
assisted network makes PEO show an excellent interchain
entanglement, so that polydiarylfluorenes/ PEO precursor
mixed solution with a certain viscosity can be obtained. And it is
beneficial to suppress phase separation between them. In this
regard, it is easy to conclude that this kind of flexible PEO with a
dynamic network is conducive to preparing uniform and
efficient LCPs ES hybrid fibers.

In order to further confirm this assumption, we also ob-
tained a series of polydiarylfluorenes/PEO ES fibers, including
PHDPF/PEO, PODPF/PEO and PNDPF/PEO. All the hybrid ES
fibers were prepared from 1,2-dichlrethane (DCE) and chloro-
methane (CHCl;) solution. As displayed in Fig. 2 and Figs.

S1-S9 (in ESI), significantly different from the rough morpho-
logy of polydiarylfluorenes/PVK ones, all the polydiaryl-
fluorenes/PEO hybrid ES fibers are a cylindrical-type nano-
wires with a uniform and smooth surface morphology. Inter-
estingly, PHDPF/PEO and PNDPF/PEO ES hybrid fibers have a
slightly small width with the diameter of ~1 pm. In addition,
PODPF/PEO fibers prepared from DCE and CHCl; are similar in
the size and surface morphology, with the diameter of ~3 ym,
as shown in Fig. 2(d). More interestingly, these microfibers
have uniform deep-blue emission. It shows that there is a
weak phase separation between PEO and polydiarylfluorenes.
In general, the emission efficiency and stability of optoelec-
tronic materials can be effectively improved by suppressing
the formation of aggregate. Cylindrical-type nanowires with a
small size exhibited a high surface area to possibly react with
the “acceptor” explosives molecules, which is useful to im-
prove the detection sensitivity of explosives.

In general, the external traction force in ES processing can
induce the molecular orientation along the fibers direction.3!
Meanwhile, the rapid solvent evaporation also caused strong
interchain aggregation and phase separation. These two
factors have influence on the photophysical property of hy-
brid ES fibers. In order to investigate how to influence them,
we also explored the emission spectra of various hybrid ES
fibers. As displayed in Fig. 3(a), PL spectra of all ES fibers con-
sisted of three emission peaks of about 440, 462 and 493 nm,
respectively, assigned to the 0-0, 0-1, and 0-2 vibration tran-
sition of single polyfluorene chain.*d! It revealed the feature
non-planar conformation in amorphous fibers, which is simi-
lar to the previous PHDPF/PEO and PNDPF/PEO ones (Fig. 3a).

Fig. 1 FESEM images of PVK (a) and PODPF/PVK (b), PEO (d) and PODPF/PEO (e) electrospun fibers prepared from DCE solutions,

together with the FLM images of PODPF/PVK (c) and PODPF/PEO (f).
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Fig. 2 FESEM images of PHDPF/PEO (a), PODPF/PEO (b) and PNDPF/PEO (c) electrospun fibers prepared from DCE solution, together with
PODPF/PEO fibers (d) from CHCl; solution, respectively. Insets show their corresponding FLM images. Scale bar in FLM is about 120 ym.
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Interestingly, these hybrid ES fibers also show a robust deep-
blue emission. As shown in Fig. 3(b), PL quantum yield (®pqy)
of corresponding PHDPF/PEO, PODPF/PEO and PNDPF/PEO
are estimated about 50%, 60% and 51%, respectively, and
PODPF/PEO ES fibers prepared from CHCl; solution have a
similar PLQY with a value of 53%. In this regard, PODPF/PEO
ES fibers obtained from DCE solution show a slightly high
PLQY, about ~20% than those of other three type fibers. Inter-
estingly, there is a low fraction of planar (8) conformation
formation in the PODPF/PEO ES fibers obtained from DCE
solution. According to the excitation-wavelength dependent
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PL spectra, well-resolved emission peaks at 457, 484 and 515
nm can be observed in the PL spectra excited at from 430 nm
to 450 nm (Fig. 3¢),5" owning to the 0-0, 0-1, and 0-2 vibra-
tion transition of B-conformation. This is an effective evid-
ence to confirm the formation of B-conformation in these mi-
crofibers. The maximum emission peak at 436 nm reveals a
low fraction of B-conformation, which cannot trap all exciton
and energy from non-planar conformation. As we expected,
PL spectra of the PODPF/PEO obtained from CHCl; solution,
PHDPF/PEO and PNDPF/PEO ES fibers obtained from DCE
solution at 400—444 nm display no significantly difference be-
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Fig. 3 (a) Emission spectra of PHDPF/PEO, PODPF/PEO and PNDPF/PEO electrospun fibers prepared from DCE solution, together with
PODPF/PEO fibres from CHCl; solutions. Excitation wavelength is about 390 nm; (b) Corresponding photofluorescent quantum yield
(PLQY) of various ES hybrid fibers; PL spectra of B-conformation-contained PODPF/PEO (DCE) electrospun fibers (c), amorphous
PODPF/PEO (d), PHDPF/PEO (e) and PNDPF/PEO (f) electrospun fibers obtained from CHCl; at different wavelengths shown in the legend.
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cause there is no B-conformation formation (Figs. 3d-
3f).51-531 The previous experimental data results also indic-
ated the octyl side chain enable PODPF to show a best chain
complanation capacity, consistent with the previous
works.[#15455] |n our previous work, it is also easily observed
that the B-conformation with a relatively high fraction is ob-
tained in the PODPF/PVK ES fibers. A number of PODPF ag-
gregates appeared in the ES fibers, which reasonably ex-
plained this unique property (Fig. 1c).*! Interchain aggrega-
tion of PODPF provided an excellent molecular landscape to
stabilize chain complanation. On the contrary, there is no ob-
vious aggregate formation in the PODPF/PEO fibers. There-
fore, the B-conformation in PODPF/PEO fibers may be in-
duced by the external traction force in the ES processing. And
this single chain with a planar conformation is useful to deep-
blue emission with a high efficiency. Thus, it reasonably ac-
counts for the relatively highest emission efficiency of POD-
PF/PEO fibers than those of the other three fibers. Meanwhile,
efficient dispersion without obvious interchain aggregation
will also enhance the emission efficiency, which is more con-
ducive to expand their optoelectronic applications.

As we discussed above, smooth cylindrical-type PEO hy-
brid ES fibers with a small diameter display a high surface
area.t043451 And the efficient dispersion of polyfluorene chain
in PEO matrix can bring high emission efficiency, which is
good for the exciton trapped by the acceptor explosive mo-
lecules. Subsequently, we set PODPF as an emissive centre to
further investigate the exciton behavior of these poly-
fluorene/PEO and PVK hybrid ES fibers upon the explosive
molecules. As displayed in Fig. 4(a), PODPF/PEO fibers have
excellent feature emission behavior of single polyfluorene
chain. Herein, the value of quenching efficiency is obtained
via basing on ratio method, such as the ratio of emission in-
tensity at start and stimulated states. When this kind of POD-
PF/PEO fibrous film was exposed to saturated DNT vapour,
the emission intensity was severely quenched. Fig. 4(a) shows
that the quenching intensity of PODPF/PEO ES fibers is about
45% after 5 min and 96% after 60 min. And it indicated that
the excitons were mostly quenched by DNT molecules (Figs.
$10-512 in ESI). According to previous work, PODPF/PVK ES
fibrous film have a relatively low quenching efficiency of
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about 15% after 5 min and 58% after 60 min in saturated DNT
vapours, as shown Fig. S10 (in ESI)." Such a low detection
sensitivity may be attributed to the rough surface morpho-
logy and large size of PODPF/PVK ES fibers.[*! Besides, a num-
ber of nano-aggregates in PODPF/PVK ES fibers also inhibited
the exciton of PODPF trapped by the DNT molecules. Exciton
in the polyfluorene chain can be easily trapped by the DNT
molecules, associated with the proper and match energy level
to cause the exciton migration from polyfluorene chain to
DNT molecules, which may reasonably explain this emission
quenching. In this regard, the surface area of ES fiber is the
key factor to the quenching efficiency. Therefore, as we ex-
pected, fluorescence quenching efficiency of PHDPF/PEOQ,
PODPF/PEO and PNDPF/PEO ES fibers are about 85%, 96%
and 95% (Figs. S11-S13 and Table S1 in ESI), respectively.
Poor solubility of PHDPF with a short side chain may result in
its relatively low sensitivity. And the small diameter of
PNDPF/PEO ES fibers is also beneficial to obtain this high de-
tection sensitivity. Short length of side-chain in PHDPF may
cause low solubility to result into a serious aggregation upon
solvent evaporation in electrospinning processing, which is
no good for quenching efficiency. Excellent solubility of PND-
PF is beneficial for optimizing the dispersion of chain in ES
fiber and reducing the diameter of ES fiber. More importantly,
under strong stretching forces, octyl-side chain at 4-position
of fluorenes was the optimal chain length to induce the form-
ation of B-conformation, in which the orientation of polymer
chains along the long axis of the fiber and the planar back-
bone of conjugated polymer are beneficial to the m-mr elec-
tronic interaction along the long-axis. Compared to
PHDPF/PEO ones, PODPF/PEO ES fibers obtained from DCE
solution with a larger diameter, also present a relatively high-
er quenching efficiency but slightly lower than those of PND-
PF/PEO ES fibers. More interestingly, under the same diame-
ter and surface morphology, PODPF/PEO ES fibers obtained
from DCE solution show a slightly higher quenching effi-
ciency than those of PODPF/PEO ES fibers obtained from
CHCl; solution, which may be attributed to the synergistic ef-
fect of B-conformation and high deep-blue emission effi-
ciency. The exciton energy migration along planar conforma-
tional chain can bring efficient sensing by quenchers. Finally,
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Fig.4 Polydiarylfluorenes electrospun hybrid microfibers for detection of DNT explosives. (a) Time-dependent fluorescence quenching
process of the B-conformational PODPF/PEO (DCE) fibrous film; (b) Time-dependent fluorescence quenching efficiency of PODPF/PVK,

PODPF/PEO hybrid microfibers obtained from DCE and CHCl; solutions.
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as presented in Fig. 4(b), both PODPF/PEO ES fibers prepared
from DCE and CHCI; solution have a higher quenching effi-
ciency. They are about 1.5-fold greater than those of PVK hy-
brid fibers. Therefore, it is easily and effectively concluded
that the detection sensitivity of explosives can improve via
controlling the hierarchical structure of LCPs.

CONCLUSIONS

In summary, a series of polydiarylfluorenes/PEO ES hybrid
microfibers with a smooth morphology are obtained via
selecting flexible PEO as matrix. In contrast to rigid PVK matrix,
these PEO hybrid ES fibers present a small diameter of ~3 pm
and smooth surface morphology. More interestingly, uniform
and efficient deep-blue emission are also observed in all PEO
ES fibers, which have an emission efficiency of >50%. What's
more, significantly different to the -conformation caused by
the interchain aggregation in PODPF/PVK ones, the PODPF
chain can be also planarized in the PEO ES fibers assisted by
external traction force in ES processing. Due to the small
diameter and smooth morphology, PEO type hybrid ES fibrous
films present a higher quenching efficiency than those of PVK
ones. In this regard, it is an effective strategy to optimize
hierarchical structure of hybrid polymeric system via selecting a
proper matrix in ES processing.
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