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Polyfluorene—poly(ethylene oxide) diblock
copolymers: synthesis and electron transport
behaviorf

Jin Cheng, © 3¢ Ruoyu Jiang,® Yuhua Shan,® Hong Sun,® Shinji Kanehashic®
and Kenji Ogino™*°®

Under mild reaction conditions, we synthesized diblock copolymers of poly(9,9-dioctylfluorene)-block-
poly(ethylene oxide) (PFO-b-PEO) via end-capping poly(9,9-dioctylfluorene) (PFO) with poly(ethylene
oxide) (PEO) on one end. We investigated the thermal, optical, electrochemical and crystalline properties
as well as electron transport performance of these polymers. Our results demonstrate that PFO-b-PEO
diblock copolymers with short PEO chains (M, = 1000 and 2000 g mol™) exhibit higher electron
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mobilities compared to the PFO homopolymer and longer PEO chain (M, = 4000 g mol™?) attached

DOI: 10.1039/d4ra03606a

rsc.li/rsc-advances shorter PEO chain end-capping.

Introduction

As one of the promising polymers for light-emitting diode
materials, polyfluorene exhibits superior processability, high
photoluminescence quantum efficiency, and satisfactory
stabilities in both thermal and electrochemical detection.™?
However, it expresses insufficient color stability, attributed to
aggregates/excimers, interchain inter-actions, and/or emissive
keto defects generated by troublesome thermo-, photo-, or
electro-oxidative degradation during device operation.**® More-
over, another severe problem for polyfluorene is poor electro-
luminescence (EL) efficiency associated with electron traps,
which induces hole-electron transporting imbalance and
Shockley-Read-Hall (SRH) trap-assisted recombination
between trapped electrons and free holes.”*°

To suppress these adverse effects, decoration of the poly-
fluorene backbone, such as an alkyl/phenyl structure intro-
duced at methylene bridged hydrogen,'** functional groups
attached as endcaps,”™" and elimination of adverse impact
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copolymers. This enhanced electron mobility is attributed to the higher crystallinity induced by the

from electron traps via dilution of electron trap or the formation
of more regular morphology or phase.'**

Poly(9,9-dioctylfluorene) (PFO), as a polyfluorene derivative,
with octyl groups in 9 active positions as side chains, was re-
ported to induce good solubility and B-phase formation.>***

As either an additive or an attached building block,*>¢
poly(ethylene oxide) (PEO) was widely chosen for its superior
viscoelastic properties, which are well suited for improving the
morphology of conjugated polymers. Previously, we synthesised
a diblock copolymer of P3HT by incorporating PEO, which
induced micro-phase separation and enhanced charge
mobility.”” This technique inspired us to assemble PEO into
block copolymer architectures through chain elongation from
terminals of the other polymer.

We synthesized PFO and PEO diblock copolymers for
a luminescent material in electron-only (EO) devices. PEO
segments were introduced at the terminals of PFO via the
Steglich coupling reaction. Gel permeation chromatography
(GPC) and "H-NMR were used to characterize the structures of
the PFO homo-polymer and block copolymers. The thermal,
optical, electrochemical, and crystalline properties of the poly-
mers and the performances of the corresponding EO devices
were examined.

Experimental

Materials

We  prepared  2-(7-bromo-9,9-dioctyl-fluoren-2-yl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1) and 2-(4-iodophenoxy)-1-
[tert-butyldimethylsiloxy]ethane (2) as reported in the litera-
ture.®*® Dry tetrahydrofuran (THF) and other reagents were
obtained as commercial products and used without further
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Table 1 Characteristics of PFO-2 and PFO-b-PEOs

Polymer Mn‘pEo_Sectionb (g mol ™) M, pro-b-pro (8 mol ) PDI? PEO”? (Wt%) Yields
PFO-2 — 9231 8697” 2.22 — 80%
PFO-b-PEO1 975 10552¢ 9568 2.15 3.7 73%
PFO-b-PEO2 1914 10 966“ 10 009” 3.10 6.4 63%
PFO-b-PEO4 3135 11543“ 12 059° 4.31 15.3 55%

@ Determined via GPC. ? Determined via 'H-NMR.

purification. a-Monocarboxylic-w-monomethoxy poly(ethylene
oxide)s (PEO-COOHs), with number-average molecular weights
(My,) of 1000, 2000, and 4000, were synthesized according to an
established procedure.*

Synthesis of hydroxyl end-functionalized polyfluorene (PFO-2)

Compound 1 (1.77 g) and deoxidized toluene (17 mL) were
added to a 100 mL flask, and oxygen was removed via three
freeze-and-thaw cycles with liquid nitrogen bath. Subsequently,
to the mixture, 2 N K,CO; (30 mL) (after 0.5 h nitrogen
bubbling), compound 2 (35.4 mg), and Pd(PPh;),(0) (37 mg)
were added and deoxygenated via another three freeze-and-thaw
cycles. The mixture was stirred at 90 °C under nitrogen for 24 h.
After the reaction, we added chloroform (100 mL) at room
temperature and then washed the mixture with brine thrice.
After drying with MgSO,, filtration, concentration, and repre-
cipitation in methanol, we obtained 0.99 g yellow solid product
tert-butyldimethylsiloxyethoxy end-capped PFO (PFO-1).

The prepared PFO-1 (0.99 g) was dissolved in dry THF (50
mL), and then HF/pyridine (0.36 mL) was dropwise added under
nitrogen. The mixture was stirred at room temperature for 24 h.
Following concentration and reprecipitation in methanol, we
obtained 0.80 g of the yellow solid product PFO-2 (yield: 80%).

Synthesis of PFO-b-PEO

PFO-2 (0.5 g, 0.05 mmol), PEO-COOH (0.5 mmol), dicyclohex-
ylcarbodiimide (DCC) (1.78 g, 8.6 mmol), and 4-dimethylami-
nopyridine (DMAP) (1.06 g, 8.6 mmol) and dry dichloromethane
(60 mL) were placed under nitrogen in a 100 mL flask. The
mixture was then stirred at room temperature for 24 h. The
resulting solution was evaporated to remove the solvent, and
the residue was crushed with acetone (60 mL) by stirring over-
night. Then, via Soxhlet extraction of the filtrated solid with
acetone for 48 h, we produced the final lime solid PFO-b-PEO
samples. Characteristics of PFO-2 and PFO-b-PEOs are listed in
Table 1.

Characterizations

"H-NMR spectra were obtained on a JEOL ALPHA300 instru-
ment at 300 MHz and 25 °C. Deuterated chloroform was used as
a solvent with tetramethyl silane as an internal standard.

M, and polydispersity index (PDI) was determined by gel
permeation chromatography (GPC) analysis with a JASCO RI-
2031 detector and eluted with chloroform at a flow rate of 0.5
at room temperature and calibrated by standard
polystyrene samples.

mL min*
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The polymers' glass transition temperature (7T,) was
measured by differential scanning calorimetry (DSC) analysis
performed on a Rigaku DSC-8230 under a nitrogen atmosphere
at heating and cooling rates of 10 °C min™".

Ultraviolet-visible (UV-vis) absorption spectra were obtained
on the JASCO V-570 spectrophotometer, and photo-
luminescence (PL) spectra were detected on the JASCO FP-6500
spectrophotometer with an excitation at 380 nm. The films were
formed in 2.5 cm x 2.5 cm glass plates. The polymer layer was
laminated by spin-coating at 1000 rpm for 60 s from chloro-
benzene solution (40 mg mL™') filtered using a 0.45 mm
membrane filter. The procedure of film fabrication was almost
the same as for EO devices on ITO substrates.

Cyclic voltammetry (CV) was conducted on a Niko Keisoku
Model NPGFZ-2501-A Potentiostat/Galvanostat. All measure-
ments were carried out at room temperature in a typical three-
electrode cell with a working electrode (glassy carbon electrode),
a reference electrode (Ag/AgCl), and a counter electrode (Pt wire)
at a scanning rate of 0.1 V s~'. All measurements were per-
formed using acetonitrile and tetrabutylammonium tetra-
fluoroborate (Buy,NBF,) (0.1 M) as solvents and supporting
electrolytes, respectively.

The crystal structure of the films on the glass was measured
by grazing incidence wide-angle X-ray diffraction (GIWAXD)
(RIGAKU X-ray Diffractometer SmartLab) (Cu Ko, A = 1.5418 A,
45 kV, and 200 mA) from 3° to 30° with a step of 0.02° at the scan
speed of 1° min~' in the out-of-plane measurements. The
incident angle was fixed at 0.14°. The thickness of the films and
metals was measured using a Stylus-type surface profiler
(BRUKER, Dektak XT-S).

Results and discussion

Synthesis and characterization

As shown in Scheme 1, we synthesized tert-butyldimethylsilox-
yethoxy end-capped PFO-1 via the Suzuki-Miyaura reaction, and
by following deprotection of tert-butyldimethylsiloxyethoxy with

CsHi7 5 CsHiz CyHyz § CsHiz

o Suzuki-Miyaura Si%
A AT oot
[¢]
I-<:>-0’\*0‘5“€ n
1 5 N PFO-1
CsHig g CsHiy
Deprotection
o1 — 2 SO~
HF/Pyridine n
PFO-2
CgHy7CsHyy

o
INORA MOH Steglich coupling Bo o
PFO-2 + DY N — g @ O “ V\O)WO‘/"[‘O/\'K\
o

PEO-COOH PFO-b-PEO

Scheme 1 Synthesis route.
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Fig. 1 DSC thermograms for PFO-2 and PFO-b-PEOs.
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Fig. 2 UV-vis and PL spectra of PFO-2 and PFO-b-PEOs: (a) UV-vis,
solution, (b) UV-vis, film, (c) PL, solution, and (d) PL, film.

HF/pyridine, PFO-2 was produced with low steric hindrance
PhOCH,CH,0OH terminating group. PFO-2 and PEO-COOH
were then linked to form diblock copolymer PFO-b-PEO via

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optical and electrochemical properties of PFO-2 and PFO-b-
PEOs

Polymer Amax (1’11’1’1), film Erea (V) ELUMO‘Z (_ev)
PFO-2 383, 433 —0.74 3.66
PFO-b-PEO1 383, 433 —0.74 3.66
PFO-b-PEO2 384, 433 —-0.73 3.67
PFO-b-PEO4 384, 433 —0.74 3.66

“ ELumo = —(Erea * 4.4) (V).

a mild Steglich coupling reaction (room temperature, 24 h). The
key factor that influences the Steglich coupling reaction for the
formation of PFO-b-PEOs is the low steric hindrance of the
hydroxyl group on PFO-2 and the carboxyl group on PEO. This
low steric hindrance is crucial as it allows the functional groups
to react more readily, minimizing spatial barriers and facili-
tating efficient coupling.

By employing different M,, PEO-COOHs, we successfully
obtained a series of diblock copolymers with different PEO
weight content (shown in Table 1). The PDI of the PFO-b-PEO4
was significantly larger compared to other polymers. This can
be attributed to the increased crystallinity of longer PEO chains.
As the M, of the PEO segments increases (e.g., M, = 4000 g
mol "), their crystallinity is enhanced, leading to stronger
interchain interactions and a broader PDI.*

Thermal properties

As depicted in Fig. 1, homopolymer (PFO-2) showed an endo-
thermic peak around 63 °C, attributed mainly to the melting of
the conjugated PFO backbone. The curves of diblock copoly-
mers (PFO-b-PEO1 and PFO-b-PEO2) revealed double endo-
thermic peaks near 58 C° and 63 °C, and the newly emerging
rise might be related to the melting of the PEO chains. In the
curve of PFO-b-PFE4, the peak around 63 °C became not
obvious; we attributed it to the large-scale crystallization of
longer PEO chains, which might inhibit the crystallization of
the conjugated PFO backbone. This fact also echoes the
previous discussion on the impact of long-chain PEO on PDI.

Optical properties

As shown in Fig. 2 and Table 2, the UV-vis spectra of all homo-
and diblock copolymers demonstrated similar Ay, around
384 nm in both states. In addition, all polymers expressed
similar redshift at about 433 nm in Fig. 2b, owing to the B-phase
formation in the film state. It is reported that the B-phase
formation is related to a series of attractive features in PLED,
such as higher carrier mobility, higher current efficiency, and
excellent spectral stability.**

From Fig. 2a and b, we observed an increase in the f-phase
composition with higher M,, PEO segments. This phenomenon
can be attributed to reduced chain mobility. Longer PEO chains
decrease the mobility of polymer chains through entanglements
and enhance the intermolecular interactions, thereby
promoting the formation of the stable f-phase conformation in
PFO chains.*

RSC Adv, 2024, 14, 23505-23510 | 23507
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Fig. 3 GIWAXD profiles obtained with out-of-plane geometry for thin
films of PFO and PFO-b-PEOs fabricated with chlorobenzene.

On the other hand, all polymers exhibited similar PL spectra
in both solution and film states. This indicates that incorpo-
rating PEO as a block segment exerts minimal impact on the PL
properties of PFO. The PL spectra of all the polymers showed
a primary emission peak at around 420 nm in the solution and
439 nm in the film, a shoulder peak approximately at 442 nm in
the solution and 468 nm in the film, and a long-wavelength
emission peak around 475 nm in the solution and 495 nm in
film; these peaks correspond to the w—m* transitions within the
polyfluorene molecules, the microstructural features of the
polyfluorene chains, and additional microstructural character-
istics of the polyfluorene chains, respectively.’***

Electrochemical properties

The electrochemical properties of the polymers were investi-
gated by CV, as shown in Table 2; the reduction process of PFO-
2 and PFO-b-PEOs started at about —0.74 V, and LUMO levels of
all polymers were calculated to be about —3.66 eV, indicating
that the PEO block section has little effect on the LUMO levels of
PFO polymer.

Crystalline structure analysis

As shown in Fig. 3, stronger peaks appeared in the diblock
copolymers curves at ca. 260 = 20°, corresponding to m-T
stacking distances of 4.2-4.4 A, exhibiting crystalline patterns
with distinct diffraction peaks.***® In the case of PFO-2, the rise
was relatively weaker, implying a nearly non-crystalline (amor-
phous) profile. The same result was observed at 26 = 7.5°,
corresponding to lamellar patterned d-spacings.®”

Furthermore, we found that both peaks at ca. 260 = 20° and
20 = 7.5° were stronger in PFO-b-PEO1 and PFO-b-PEO2 than in
PFO-b-PFO4, indicating the inhibition of the crystallite forma-
tion in the presence of overlong PEO chains, echoing the results
of the thermal properties we discussed.

Electron transporting properties

The performance of the EO devices based on PFO-2 homopol-
ymer and PFO-b-PEO block copolymers with the configuration
of ITO/Al/polymer/LiF/Al was evaluated. Electron mobility in the
space-charge-limited current, the SCLC region was determined

23508 | RSC Adv,, 2024, 14, 23505-23510
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Fig. 4 Current—voltage characteristics of EO devices based on PFO-2
and PFO-b-PEOs.

Table 3 Electron mobility(cm? V=t s7%) of PFO-2 and PFO-b-PEOs

Polymer Electron mobility® (cm® V™' s™1)
PFO-2 4.5 x 1077
PFO-b-PEO1 3.3 x10°°
PFO-b-PEO2 3.9 x10°°
PFO-b-PEO4 1.1 x 1077

@ Average values determined for four devices.

from the I-V characteristic curves utilizing the following eqn (1),
taking the series resistance (12 Q) into consideration and
assuming that the built-in voltage was close to zero due to the
slight difference of work functions for both electrodes.®®

9 2
J = oot (1)

where J is the electron current density, u. is the electron
mobility, ¢, is the relative permittivity of the material (3.5), ¢, is
the permittivity of vacuum, L is the thickness of the active layer,
and V is the voltage drop across the device.

The electron mobilities of devices fabricated from PFO-2 and
PFO-b-PEOs are shown in Fig. 4 and Table 3. PFO-b-PEO1 and
PFO-b-PEO2 exhibited higher electron mobility than PFO-2 and
PFO-b-PEO4. Since they had similar performances in optical
and electrochemical properties, we owed this enhancement to
the fact that a short PEO polymer chain block section can
improve the crystalline properties of PFO.

Conclusions

In summary, we successfully synthesized PFO-b-PEOs using
a mild Steglich coupling reaction. The investigation of these
copolymers revealed their potential to enhance the electron
transport properties, with particular improvements noted in the
materials with shorter PEO chain segments. This work high-
lights the significant impact of chain length and structural
modifications on the properties of PFO-b-PEO copolymers.
Future studies should focus on further exploring the rela-
tionship between the molecular architecture of PFO-b-PEO
copolymers and their electronic properties. Additionally, there
is considerable potential in investigating the application of
these materials in various optoelectronic devices, such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic photovoltaics (OPVs) and field-effect transistors (FETS).
Understanding the detailed mechanisms of electron transport
and phase behavior in these copolymers could lead to the
development of more efficient and stable electronic materials.

Data availability

'H-NMR spectra of PFO-1, PFO-2, PFO-b-PEO1, PFO-b-PEO2,
and PFO-b-PEO4 are available in the ESI (https://doi.org/
10.1039/d4ra03606a). Fig. S1: 'H-NMR spectra of PFO-1 in
CDCl, at 300 MHz; Fig. $2: "H-NMR spectra of PFO-2 in CDCl; at
300 MHz; Fig. $3: "H-NMR spectra of PFO-b-PEO1 in CDCI; at
300 MHz; Fig. S4: "H-NMR spectra of PFO-b-PEO2 in CDCI; at
300 MHz; Fig. S5: "H NMR spectra of PFO-b-PEO4 in CDCI; at
300 MHz.}
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