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ructure characteristics of the
intermediate-state conformation of poly(9,9-
dioctylfluorene) (PFO) in the dynamic process of
conformation transformation and its effects on
carrier mobility†

Bin Liu, Zeming Bai, Tao Li, Yang Liu, Xiaona Li, Hao Zhang and Dan Lu *

Good solution processability is a prerequisite for fabricating polymer optoelectronic devices. In this

research, a new PFO chain conformation called “intermediate-state conformation” was found through

UV-vis absorption spectroscopy, photoluminescence spectroscopy (PL) and Raman spectroscopy in the

transition process of a conformation towards b conformation. The intermediate-state conformation not

only remedies the defect of film-forming caused by large aggregation of b-conformation but also gains

an equivalent carrier mobility similar to that of b conformation. Simultaneously, it was found that the film

with the intermediate-state conformation had a smooth surface morphology compared to the film with

b-conformation, which indicates that the intermediate-state conformation has good solution

processability; thus, it is more suitable for the fabrication of photoelectric films with high carrier mobility.

The results of high-resolution transmission electron microscopy (HR-TEM) measurements showed that

there were obvious lattice fringes in the films with the intermediate-state conformation and

b conformation; this reveals that the intermediate-state conformation has a more planar conformation

with extended conjugation length than the b conformation, which is very beneficial to enhance carrier

mobility. The research significantly reveals the dynamic evolution of polymer structures based on

conjugated polymer physics. The conclusions enrich the understanding of the structure evolution and

dynamic process of conjugated polymers and present broad application prospects for photoelectric and

other functional devices due to the good film-forming properties of the intermediate-state conformation.
1 Introduction

Poly(9,9-dioctyluorene) (PFO) has been widely researched as
a classical conjugated polymer with deep blue emission,1,2 high
photoluminescence (PL) quantum yield,3 good thermal
stability, and good processability in common organic
solvents.4–6 Moreover, PFO is also an ideal model of a hairy-rod
polymer.7–9 PFO solid phase shows polymorphic behaviors,
including amorphous phase, b phase, and liquid crystalline
semi-crystalline a and a0 phases, in a changing solution envi-
ronment.10–12 Particularly, the b conformation adopts a more
planar conformation, which leads to extended conjugated
length; this endows PFO with optoelectric properties such as
carrier mobility, PL efficiency, and stability enhancement.13–17

These attractive advantages have been used to obtain efficient
Structure and Materials, College of

Avenue, Changchun, 130012, China.
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tion (ESI) available. See DOI:
amplied spontaneous emission as well as low-threshold
lasers.18,19 A larger number of uorene derivatives have
emerged as electroluminescence materials, such as poly(9,9-
dioctyluorene-co-benzothiadiazole) (F8BT) and poly(9,9-dio-
ctyluorene-co-bithiophene) (F8T2).20–22 All these advantages
indicate that PFO is an ideal model conjugated polymer for
basic and application research.23–26 b conformation and main
chain coplanaration were rst proposed by Cadby et al.27 The
PFO main chain can coexist with different torsion angles.11,28,29

Essentially, the PFO condensed state structure containing only
a fraction of the b conformation is called “doping” of donor–
acceptor material systems, which is highly suitable for exploring
the process of excitonic energy transfer, excited-state dynamics,
microscopic structures and photoelectric performance.14,30

However, all the previous research on PFO mostly focuses on
chemical synthesis,31,32 chain aggregation and lm morphology
so as to increase the b conformation content to fabricate
photoelectric devices with high carrier mobility, stability and
efficiency.33 However, few studies have been devoted to quan-
titative research on the PFO b conformation; deeper and more
detailed study is crucial to basic and application studies of
This journal is © The Royal Society of Chemistry 2020
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PFO.34–37 It was found that a relatively low content of PFO
b conformation can contribute to ordered aggregation of PFO
and thus enhance its carrier mobility. Conversely, a remarkably
high content of b conformation will prompt PFO chains to form
macroscopic aggregations, which can result in a rough lm
surface and is unsuitable for device fabrication and device
performance optimization.38,39 Therefore, both good lm-
forming and high carrier mobility performance are key to
fabricate excellent polymer photoelectric devices. This research
was performed to explore this issue. Here, different PFO chain
conformations can be induced by good/poor mixed solvents
because poor solvent is also a type of driving force, similar to
force, heat, electricity and light, for the PFO chain conformation
transition; it can provide energy to change the uorene–uo-
rene torsion angle of the PFO main chain. Amazingly, the PFO
intermediate-state conformation was found in the transition
process of a conformation to b conformation, and its structure
characteristics were revealed through the UV-vis spectrum, PL
spectrum and Raman spectrum. The lm with the intermediate-
state conformation presented a lattice fringe image that re-
ected ordered structure domains, good lm-formation prop-
erties and high carrier mobility by transmission electron
microscope (TEM), high-resolution transmission electron
microscope (HR-TEM), atomic force microscope (AFM) and
photo-carrier extraction by linearly increasing voltage (photo-
CELIV) measurements. Furthermore, the formation mecha-
nism of the intermediate-state conformation was revealed.
More details will be discussed below.
2 Experimental details
2.1 Material and sample preparation

PFO was purchased from American Dye Source, catalog no.
ADS329BE. The weight-average molecular weight (Mw) was
82 000 g mol�1, and the polydispersity index was 1.36. (Detailed
information is provided in the ESI.†) Toluene and ethanol were
used as good and poor solvents, respectively. These reagents
were purchased from Beijing Chemical Company, China and
were all chromatographically pure. Firstly, PFO was dissolved in
toluene with stirring at 75 �C and then cooled to room
temperature for several minutes; next, different percentages of
ethanol (0%, 10% and 20%) were added to PFO to induce
b conformation formation, and the nal concentrations of the
PFO solutions were 10, 12 and 15mgmL�1, respectively. Finally,
the solutions were heated at 55 �C for ve hours to achieve
uniform dissolution.
2.2 Device fabrication

2.2.1 Preparing the device. The device structure was glass/
ITO/SiO2/PFO/Al with a resistance of 30 U per square. First, the
ITO electrode was ultrasonically processed with ITO cleaning
uids: chloroform, acetone, and isopropanol for 30 min,
respectively. Then, the ITO surface was re-occupied with ultra-
violet ozone for 8 min. Aerward, a 70 nm-thick insulation layer
of solution silica was rst spin coated, and a 150 nm-thick PFO
active layer was then spin coated at 1000 rpm per 60 s on top of
This journal is © The Royal Society of Chemistry 2020
the SiO2 layer. Finally, a 100 nm-thick Al cathode was deposited
via thermal evaporation under vacuum conditions.

2.2.2 Preparing the silica sol–gel. Tetraethyl orthosilicate
(TEOS, 1 mL) was combined with 10 mL anhydrous ethanol.
Subsequently, 0.4 mL hydrochloric acid (0.72 mol mL�1) was
added to the mixed solution. The mixed solution was stirred for
2 h. Finally, the solution was settled for 24 h in a humid
environment.

2.3 UV-vis absorption spectrum measurements

Absorption spectra were obtained by a Shimadzu 3000 UV-vis
spectrophotometer.

2.4 Photoluminescence measurements

PL spectra were acquired using a Shimadzu 5301PC to obtain
the chain structure information.

2.5 Raman spectra measurements

Raman spectra with JY-T64000 Raman spectrometer, equipped
with an argon ion gas laser was used to explore the conforma-
tion change, and its excitation wavelength was at 514.5 nm.

2.6 Atomic force microscope (AFM) measurements

The lm surface morphology and lm uniformity were
measured by an SII SPA-300 AFM in tapping mode and the test
range was 2 � 2 mm.

2.7 Transmission electron microscope (TEM) measurements

The transmission electron microscope (TEM) and high-
resolution transmission electron microscope (HR-TEM)
images were obtained using a JEM-2100F, Japan. The magni-
ed lattice fringes represent the ordered structure domains.

2.8 Photo-carrier extraction by linearly increasing voltage
(photo-CELIV) measurements

Photo-CELIV measurements were taken with a pulsed laser
(Continuum Minilite TMNd:YAG), digital delay generator
(Stanford Research Systems DG645) and oscilloscope (Tektronix
MSO 4054) in the normal air environment. A laser pulse with
a wavelength of 355 nm and pulse width of 10 ns was used. The
laser energy reached a maximum of 20 mJ per cm2 per pulse. The
compensation voltage Uoff-set was imposed to 0.5 V.

3 Results and discussion
3.1 Discovery of the PFO intermediate-state conformation

It is known that PFO usually presents a main absorption peak at
around 380 nm with a conformation; however, a conformation
transition can occur along with the appearance of a new
absorption peak at around 437 nm, namely b conformation,
when poor solvent is added to PFO solution, ethanol, cyclo-
hexane, 1,8-diiodooctane (DIO), etc.15,40,41 Ethanol is a common
poor solvent for PFO, and different percentages of ethanol can
induce different contents of b conformation; however, the
driving force provided by the low percentage of ethanol is not
RSC Adv., 2020, 10, 492–500 | 493
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sufficient to overcome the interchain hindrance to achieve
chain conformation transition to b conformation.35 Obviously,
it can be found in Fig. 1a that only the a conformation
absorption peak and no b conformation characteristic peak (437
nm) appeared in the PFO pure toluene solutions with different
concentrations, even though the intensity at 437 nm in pure
toluene solution at 15 mg mL�1 was higher than those at 10 mg
mL�1 and 12 mg mL�1, where a chain conformation different
from a and b conformation was present. However, the charac-
teristic peak (437 nm) obviously appeared in PFO toluene/
ethanol (20%) mixed solutions with concentrations of 10 mg
mL�1 and 12 mg mL�1 but not 15 mg mL�1 (Fig. 1b); mean-
while, the intensity of the b conformation absorption peak at
437 nmwas higher in 10 mgmL�1 mixed solution than in 12mg
mL�1 mixed solution; this indicated that there was a mixture of
the a and b conformation, and the content of b conformation
was the highest in PFO toluene (10 mg mL�1)/ethanol (20%)
mixed solution. As mentioned in our previous work,35 solvent
behaves as a driving force; thus, the different percentages of
poor solvent (ethanol) provided corresponding limited driving
forces, so the limited driving force provided from 20% ethanol
could induce the highest content of b conformation in PFO
toluene (10 mg mL�1) mixed solution but was not enough to
induce b conformation formation in PFO toluene (15 mg mL�1)
mixed solution. Hence, we chose the 10 mg mL�1.

PFO toluene/ethanol mixed solutions with different
percentages of ethanol to explore the transition process of the
PFO chain conformation. From Fig. 1c, although the main
absorption peak of a conformation appeared at 380 nm,
a striking difference between the spectra was observed, namely
Fig. 1 (a) UV-vis spectra of PFO films prepared from toluene solutions
with different concentrations; (b) UV-vis spectra of PFO films prepared
from toluene solutions with different concentrations of PFO and 20%
ethanol; (c) UV-vis spectra of PFO films prepared from the 10mgmL�1

PFO toluene solutions with different percentages of ethanol; (d) PL
spectra of the PFO films prepared from 10 mg mL�1 PFO toluene
solutions with different percentages of ethanol.

494 | RSC Adv., 2020, 10, 492–500
in the intensity of the b conformation absorption peak at
437 nm. This clearly indicates that there was a mixture of a and
b conformations in PFO toluene/ethanol (20%) mixed solution.
However, it was unexpectedly found that there was no well-
resolved peak at 437 nm in PFO toluene (10 mg mL�1)/
ethanol (10%) mixed solution, that is, b conformation did not
form; however, the absorption intensity at 437 nm was still
higher than that in PFO toluene (10 mg mL�1)/ethanol (0%)
mixed solution, where the PFO chains only adopted a confor-
mation. Naturally, we were interested to know the reason for
this and to understand the detailed dynamic process of the
chain conformation transition between a and b conformation,
which is very signicant to deeply understand the dynamic
process and mechanism of b conformation formation. Hence,
photoluminescence (PL) measurements were carried out for
PFO toluene solutions (10 mg mL�1) with different percentages
of ethanol (Fig. 1d). The characteristic peaks of the PFO chain
with the “isolated” chromophore (a conformation) in the PL
spectrum are at 417 (strong, 0–0 band), 447 (moderate, 0–1
band), and 470 nm (weak, 0–2 band), and those of b conforma-
tion are at 442 (strong, 0–0 band), 465 (moderate, 0–1 band),
and 495 nm (weak, 0–2 band). The b conformation emission
peak at around 496 nm corresponds to the S1 / S0 0–2 vibronic
transition. It is well known that a planar chain conformation
with extended effective conjugated length can induce red-shis
in PL spectra. Therefore, the PFO b conformation produces the
0–0 emission peak change and red-shi to 441 nm,17 and the
intensity of the peak at 424 nm (0–0 emission peak of
a conformation) decreases obviously with increasing b confor-
mation content; that is, the 0–0 emission changes from 426 nm
(2.91 eV) to 441 nm (2.81 eV), which reects energy transfer
from a conformation to b conformation.27,42–45 Therefore, Fig. 1d
presents the transition process from a to b conformation in
detail: the peak intensity at 424 nm decreased gradually with
increasing ethanol percentage until the peak disappeared in
PFO mixed solution with toluene (10 mg mL�1)/ethanol (20%).
It is worth noting that the positions of the emission peaks in
PFO mixed solution with toluene (10 mg mL�1)/ethanol (10%)
were between the characteristic peaks of a conformation
(solution without ethanol) and b conformation (solution with
20% ethanol), and a red-shi emission vibrionic peak was
observed from 450 nm to 465 nm; this indicates that the
planarity of the chain geometry and the mean extended p

conjugation length were also between the a conformation and
b conformation.42–45 Therefore, it can be inferred that there is an
“intermediate-state conformation” between a and b conforma-
tion. The dynamic process of the PFO chain conformation
transition was shown in Fig. 2. To further prove the inference,
the following research was performed.
3.2 Structure characteristics of the PFO intermediate-state
conformation

To further explore the structure characteristics of the
intermediate-state conformation, we used Raman spectroscopy
to investigate the vibration modes of the different PFO chain
conformations because of its high sensitivity to the chain
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Schematic of the structural changes of PFO during the process
of the conformation transition from a to b conformation.
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conformation changes, polarizability of supramolecular
microstructures and intermolecular interactions. Specically,
Raman spectroscopy was also used to track the process of b -
conformation formation.28,46–49 Raman spectroscopy usually
involves two types of main light bands: one of them is in the low
wavenumber region (100 to 1000 cm�1), as shown in Fig. 3,
which corresponds to the PFO alkyl side-chain motion, and the
other is in the high wavenumber region (1000 to 1650 cm�1), as
shown in Fig. 4, which corresponds to the uorene unit motion
in the main chain. First, according to the literature,46 in the low-
wavenumber region, the relative ratio of the peak intensities at
around 633 cm�1 (I633 cm�1) and 620 cm�1 (I620 cm�1) can track
the b conformation formation, and we dened this ratio as
I633 cm�1/I620 cm�1. Especially, the appearance of a peak at
633 cm�1 (I633 cm�1) is the prerequisite of b-conformation
formation, and its intensity also increases with increasing
b conformation content, but the peak intensity at 900 cm�1

(I900 cm�1) decreases with increasing b conformation content;
nally, it disappears, and the peak at 890 cm�1 becomes one
predominant peak, which indicates that the relative ratio of the
peak intensities at around 890 cm�1 (I890 cm�1) and 900 cm�1

(I900 cm�1) is sensitive to changes in the b conformation content
and chain polarizability. Fig. 3 shows all the variations of the
characteristic peaks in the chain conformation transition
Fig. 3 Raman spectra of the PFO films in the low wave number region
with different ethanol contents. All concentrations of the PFO
precursor toluene solutions were 10 mg mL�1.

Fig. 4 (a) Raman spectra in the high wavenumber region between
1000 cm�1 and 1800 cm�1 of the PFO films obtained with different
ethanol percentages; (b) Raman spectra between 1100 cm�1 and
1400 cm�1 of the PFO films obtained with different ethanol percentages.
(c) Raman spectra between 1100 cm�1 and 1400 cm�1 of the PFO films
obtained with 0% and 10% ethanol. (d) Raman spectra between
1560 cm�1 and 1650 cm�1 of the PFO films obtained with different
ethanol percentages. (e) Raman spectra between 1550 cm�1 and
1650 cm�1 of the PFO films obtained with 0% and 10% ethanol. All
concentrations of the PFO precursor toluene solutions were 10mgmL�1.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 492–500 | 495

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07115f


Table 1 Peak intensity changes at 620 cm�1 and 633 cm�1 in the
Raman spectraa

Sample (10 mg mL�1) I633 cm�1 I620 cm�1 I633 cm�1/I620 cm�1

Ethanol 0% 0.38 0.34 1.12
Ethanol 10% 0.42 0.36 1.17
Ethanol 20% 0.43 0.37 1.16

a The concentrations of all the PFO precursor toluene solutions were
10 mg mL�1.

Table 2 Peak intensity changes at 890 cm�1 and 900 cm�1 in the
Raman spectraa

Sample (10 mg mL�1) I890 cm�1 I900 cm�1 I890 cm�1/I900 cm�1

Ethanol 0% 0.36 0.23 1.57
Ethanol 10% 0.30 0.18 1.67
Ethanol 20% 0.27 0.15 1.80

a The concentrations of all the PFO precursor toluene solutions were
10 mg mL�1.
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process in the low frequency region, and the detailed results are
summarized in Tables 1 and 2. From Table 1, it can be clearly
seen that I620 cm�1 and I633 cm�1 increased, respectively, with the
ethanol percentage, and I633 cm�1/I620 cm�1 also increased with
increasing ethanol percentage. Especially, it was found that
although there was no b conformation in the lm obtained from
the 10% ethanol mixed solution, as shown in Fig. 1c, I633 cm�1

was also higher than the intensity of a conformation in the lm
obtained from pure toluene solution, and I633 cm�1/I620 cm�1 was
almost equal to the lm obtained from 20% ethanol mixed
solution, in which the b conformation formed. This manifests
that there is an intermediate-state conformation between a and
b conformation. From Table 2, it can also be found that I890 cm�1

was always higher than I900 cm�1, and I900 cm�1 decreased with the
ethanol percentage. This phenomenon also indicates that the
PFO main chain conformation in the lm obtained from the
PFO toluene solution (10 mg mL�1) with 10% ethanol was
obviously different from the a and b conformations; therefore,
we inferred it to be an intermediate-state conformation. Here,
we can conclude that the changes in the alkyl side-chain motion
led the PFO chain conformation to transition towards
b conformation, and the PFO intermediate-state conformation
can be formed in the dynamic evolution process between a and
b conformation.

Second, the Raman spectra in the high-wavenumber region
corresponded to the changes in the PFO main chain, as shown
in Fig. 4a. It can obviously be inferred from Fig. 4b and c that
there should be an intermediate-state chain conformation in
the PFO toluene (10 mg mL�1)/ethanol (10%) mixed solution.
The peak intensity in the range from 1100 cm�1 to 1400 cm�1

increased overall, as shown in Fig. 4b, which corresponds to the
PFO main chain transition towards the chain geometry with
more planarity;46 the enhancement of the peak intensity was
attributed to C–C stretching modes between the phenylene
rings and C–H in-plane bending modes.17,46–49
496 | RSC Adv., 2020, 10, 492–500
Although the b conformation did not form in the lm ob-
tained from the PFO toluene solution (10 mg mL�1) with 10%
ethanol, changes in the main chain conformation still occurred
because the peak intensity from 1100 cm�1 to 1400 cm�1

increased compared to that of a conformation in the lm ob-
tained from the PFO toluene solution (10 mg mL�1) with 0%
ethanol, as shown in Fig. 4c. More importantly, the intensity of
the peak at 1257 cm�1 was highly sensitive to the planarity of
the PFOmain chain, and its enhancement again proved that the
chain geometry had transformed to bemore planar. In addition,
the so shi to a shorter wavenumber of the peak at around
1604 cm�1, which represents C]C stretching motions, indi-
cates a more planar chain conformation, as shown in Fig. 4d
and e.17,46–49 These results all indicate that the PFO
intermediate-state chain conformation was formed between
a and b conformation and that the PFO intermediate-state
conformation is more planar than the a conformation.
3.3 Effects of the PFO chain conformation changes on the
lm morphology

From the results of all the above spectra, it can be seen that
there was indeed an intermediate-state conformation with
increasing p conjugation length and chain planarity in the
transition process of the transformation of a conformation
into b conformation. It is well known that the chain confor-
mation can dramatically affect the chain condensed state
structure, and the condensed state structure directly impacts
the lm morphology. To reveal the differences in the
morphologies of the lms derived from the intermediate-state
conformation, transmission electron microscope (TEM),
high-resolution transmission electron microscope (HR-TEM)
and atomic force microscope (AFM) measurements were
carried out. It is well known that the formation of ordered
structures is accompanied by the appearance of lattice
fringes.50

In Fig. 5, it can be found that there were obvious lattice
fringes in the lms obtained from PFO toluene (10 mg mL�1)/
ethanol mixed solutions with 10% ethanol (containing the
intermediate-state conformation) and 20% ethanol (containing
b conformation), and the spaces between the lattice fringes were
the same (about 0.25 nm); hence, ordered structures could be
formed by the self-assembly of PFO chains adopting the
intermediate-state conformation and b conformation. Accord-
ing to the above spectral results, these PFO chains in both the
intermediate-state conformation and b conformation all had
more extended conjugated lengths and high chain planarity,
which can contribute to enhanced optoelectronic properties
and improve the performance of devices. Therefore, the two
different chain conformations, i.e., intermediate-state confor-
mation and b conformation, can both impel PFO chains to form
more ordered condensed structures with lattice fringes, as
shown in Fig. 5d and f.

As is known, thin lms used for photo-electron devices not
only need ordered chain packing as the channels of the carrier
transportation but also require smooth surfaces in order to
decrease the interface obstacles between the electrodes.34
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 AFM images of PFO films prepared from PFO toluene (10 mg
mL�1)/ethanol mixed solutions with different percentages of ethanol.
(a) and (b) with 0% ethanol; (c) and (d) with 10% ethanol; (e) and (f) with
20% ethanol.

Table 3 Root-mean-square (RMS) and maximum roughness (Rmax)
values of the films obtained from PFO toluene solutions with different
ratios of ethanola

Sample (10 mg mL�1) RMS (nm) Rmax (nm)

Ethanol 0% 0.33 2.79
Ethanol 10% 0.35 3.07
Ethanol 20% 0.95 10.50

a The concentrations of all the PFO precursor toluene solutions were
�1

Fig. 5 TEM (left) and HR-TEM (right) images of PFO films prepared
from PFO toluene (10mgmL�1)/ethanol mixed solutions with different
percentages of ethanol. (a) and (b) with 0% ethanol; (c) and (d) with 10%
ethanol; (e) and (f) with 20% ethanol.
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Therefore, to explore the lm surface morphologies, AFM
measurements were carried out (Fig. 6). It was found that the
surface morphologies of the lms obtained from PFO toluene
(10 mg mL�1)/ethanol mixed solutions with 0% ethanol (con-
taining a conformation) and 10% ethanol (containing
intermediate-state conformation) were smoother than that ob-
tained from 20% ethanol (containing b-conformation). The
root-mean-square (RMS) analysis (in Table 3) and the 3D height
images (Fig. 6b, d and f) showed the same results; this indicates
that a uniform lm surface morphology was obtained in the
lms with 0% ethanol (containing a conformation) and 10%
ethanol (containing intermediate-state conformation). In
general, a very rough surface morphology is unsuitable for
photo-electron device fabrication. According to the TEM and
AFM images, it was found that the lm with intermediate-state
conformation contained not only an ordered condensed state
structure but also a smooth lm surface; this reects that the
lm with intermediate-state conformation was more soluble
than that with b conformation. In conclusion, the lm with the
intermediate-state conformation was the most suitable for
photoelectric lm fabrication.
This journal is © The Royal Society of Chemistry 2020
3.4 Effects of the intermediate-state conformation on the
carrier mobility and the charge density

In our previous work,34 it was found that the carrier mobility
could increase by an order of magnitude and the charge density
could also increase due to the emergence of the b conformation.
However, in this work, b conformation did not emerge in the
lm prepared from PFO toluene (10 mg mL�1)/ethanol mixed
solution with 10% ethanol; however, a new PFO conformation
called the “intermediate-state conformation” emerged, and the
10 mg mL .
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lm-forming properties were very well suited to device fabrica-
tion requirements according to the above results. In order to
reveal the effects of the intermediate-state conformation on the
device performance, the carrier mobility and charge density
were investigated, as shown in Fig. 7.

From Fig. 7, it can be seen that although the charge density
increased in all three lms, the charge density of the lm with
the intermediate-state conformation was almost equivalent to
that of the lm with b conformation. In Fig. 8, it can also be
found that the hole mobility (m) in the lm with b conformation
was 4.0 � 10�6 cm2 V�1 s�1 and that in the lm with the
intermediate-state conformation was 2.3 � 10�6 cm2 V�1 s�1.
Obviously, they were of the same order of magnitude, and they
were higher than that in the lm with a conformation in which
the hole mobility (m) was only 7.9 � 10�7 cm2 V�1 s�1. Hence, it
is not difficult to observe that the hole mobilities of the lms
Fig. 7 The photo-CELIV transient current curves of the films obtained
from PFO toluene (10mgmL�1)/ethanol mixed solutions with different
ethanol percentages. (a) with 0% ethanol; (b) with 10% ethanol; (c) with
20% ethanol.

Fig. 8 The hole mobility and charge density curves of the films ob-
tained from PFO toluene (10 mg mL�1)/ethanol mixed solutions with
different ethanol ratios of 0%, 10% and 20%, respectively.

498 | RSC Adv., 2020, 10, 492–500
with the intermediate-state conformation and b conformation
were all enhanced by an order of magnitude compared to that of
the lm with a conformation. In conclusion, the PFO
intermediate-state conformation not only contributed to the
increase of charge density and hole mobility but also afforded
good lm-forming properties with smooth surface morphol-
ogies compared with b conformation. It is well known that the
carrier mobility and device efficiency can be enhanced by
increasing the content of PFO b conformation.14,15 However,
when the content of b conformation continually increases, the
lm-forming properties contrastingly decrease because the
increase of the polymer chain aggregation size thus leads to
a lm with high surface roughness. As a result, the applications
of PFO are limited. However, the discovery of the intermediate-
state conformation has completely overcome this limit.
4 Conclusions

An intermediate-state conformation indeed exists in the tran-
sition process of the transformation from a conformation to
b conformation, as conrmed by UV-absorption, PL and Raman
spectroscopy. Uniform lm morphologies and ordered struc-
ture domains could be induced by the self-assembly of PFO
chains in the intermediate-state conformation, which
concomitantly enhanced the hole mobility. The discovery of the
intermediate-state conformation has completely overcome the
limit of decreasing lm-forming properties because of the
increase of b-conformation content; this increased the aggre-
gation size of the polymer chains, leading to high surface
roughness. This research demonstrates that the intermediate-
state conformation is advantageous not only to the formation
of lms with smooth surface morphologies but also to the
enhancement of charge density and hole mobility due to the
ordered condensed state structure formation. The enhanced
carrier mobility was almost equivalent to that of the device
containing b conformation. Relative to the lm with
This journal is © The Royal Society of Chemistry 2020
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b conformation, the lms containing the intermediate-state
conformation have broad application prospects because of its
good lm-formation properties and photo-electrical perfor-
mance. We presume that if all the chain segments are
controlled as much as possible to adopt the intermediate-state
conformation, enhancement of the photoelectric efficiency and
wider applications can be greatly expected.
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