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Estimation of the influence of molecular substituents on
electroluminescence and electron-hole mobility in copoly-
fluorenes with the use of a CELIV technique has revealed that
minor changes in the number of benzothiadiazole fragments
in copolyfluorenes has a dramatic effect on the optoelectronic
properties of these polymers to improve the electrolumine-
scence and electron mobility by factors of 20 and 10,
respectively.
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Polymer white light-emitting diodes (PWLEDs) attract much
attention because of their potential applications in flat-panel
color displays and backlighting and solid-state ambient lighting
sources. In contrast to organic light-emitting diodes (OLEDs)
based on small molecules, PWLEDs combine the advantages of
simple device structures and cost-effective solution-processing
technologies. Currently, several strategies for producing polymers
with a white spectrum of electroluminescence (EL) have been
developed.'"!" Among them are white single macromolecules
based on fluorine copolymers (FCPs) containing chromophore
groups in the backbone and/or covalently attached to it.”~!? These
materials are promising candidates for PWLEDs due to their high
fluorescence quantum yield, good film-forming and charge-
transporting properties, and lack of intrinsic phase separation.
Moreover, they are of interest because of their ability to produce
color-tunable EL. Incorporated luminophore substituents can also
act as electron—hole transport centers in the mechanism of EL.

The synthesis of FCPs was described previously.” The emission
layers were fabricated by casting the solutions of FCPs in toluene.
The resulting layers were dried at 80°C in argon for 4 h under
careful temperature and optical absorption control. Under these
conditions, we observed the appearance of an absorption band and
a shoulder at about 430 nm for FCP-I and FCP-II, respectively.
They presumably belong to a B-phase and correspond to the 00
vibronic transition. '3

Standard techniques were applied to manufacture PWLEDs.
A series of ten FCP samples had the structure ITO/
PEDOT:PSS(35 nm)/FCP(80 nm)/PF-EP(20 nm)/LiF(1 nm)/
AI(80 nm). The ethanol-soluble PF-EP!* served as an electron-
transporting layer spin-coated onto the FCP.

Electron and hole mobilities in the layers of FCPs were measured
using the charge extraction by linearly increasing voltage
(CELIV) method.!>!® The measurements were performed on
ITO/Si05(70 nm)/FCP(100 nm)/Al structure devices described
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elsewhere.!7-1? Since the concentration of intrinsic charge carriers
in the FCPs was very low, the photo-CELIV technique was chosen. '®
A pumping light pulse (wavelength, 460 nm) was used to photo-
generate charge carriers prior to start their extraction by voltage.
For all the studied devices, the displacement current j(0) was
observed to exceed the maximum drift current Aj, i.e. Aj << j(0)
(Figure S1, see Online Supplementary Materials). The charge
carrier mobility was estimated from the formula:

w=2dBAR,.

where d is the thickness of a FCP layer, A is the applied voltage
ramp rate, and #,,,,, is the time when the drift current exhibits its
maximum Ayj.

FCP-I (Figure 1) was the first synthesized random copolymer
with suitable substituents that provided ideally white FL and EL
spectra (the CIE chromaticity coordinates x = 0.326 and y = 0.345)
(Table 1).

However, the EL characteristics of the PWLED structures
based on FCP-1 were low: a brightness of 2650 cd m™ and a
luminous efficiency of 1.98 cd A~!. Since highly efficient lumino-
phores have been incorporated into the copolymer, it was reasonable
to associate the obtained values with the imbalance in charge carrier
injection and electron—hole mobility in the light-emitting layers.
The electron mobility measured for FCP-I was almost five times
lower than the hole mobility (see Table 1).

To improve the operation of PWLEDs, we introduced one more
molecular fragment of benzothiadiazole (BT) in a concentration
of 0.05 mol% into the FCP-I chain. This compound is an example
of the most efficient electron-transporting building blocks for
organic optoelectronics.>2%-23 The extra BT is depicted as fragment C
(see Figure 1, FCP-II). While the numbers of functional fragments
in both copolymers remained nearly constant, the brightness
dramatically increased and reached 40900 cd m=2 at 6.04 cd A~
in the case of FCP-II. PLED characteristics for FCP-I and FCP-
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Figure 1 Chemical structures of FCP-I and FCP-II.

IT are shown in Figure 2(b). Despite the fact that the BT content
of FCP-II increased insignificantly, its contribution to radiation
sharply increased [Figure 2(a)], and the CIE coordinates changed
only slightly (see Table 1).

The observed twentyfold increase of the FCP-1I emission should
be related to the enhancement of electron—hole injection into the
light-emitting layer and electron—hole mobility balance in the
system. It is reasonable to assume that the morphology of FCP-1I
plays akey role here since the 3-phase is an energetically favorable
environment for charge carriers and excitons. After heating
(Figure 3), a characteristic peak at about 430 nm presumably
belonging to the FCP-I -phase was observed, while a shoulder
was detected in the FCP-II layer. On the face of it, one may infer
that the 3-phase content of FCP-I was higher. Meanwhile, note
that the absorption peak of the B-phase at 430 nm is not so
characteristic: a similar absorption maximum in the same wavelength
range was identified for a crystalline polyfluorene phase (o). The

Table 1 Charge carrier characteristics and CIE chromaticity coordinates
determined for FCP-I and FCP-II by the CELIV method.

Electron mobility/ Hole mobility/ CIE chromaticity

Polymer

cm?V-1g! cm? V-1l coordinates (x,y)
FCP-1 1.8x1075 7.9%10° 0.326, 0.345
FCP-II  1.8x10* 23x10* 0.343, 0.460

latter greatly degrades the optoelectronic properties.’* It is likely
that the B-phase concentration in the FCP-II is much higher than
that in FCP-I. Therefore, such a great increase of emission was
observed in the case of FCP-II PWLED. However, this conclusion
requires further confirmation.

On the other hand, it is obvious that a balance of electron—hole
mobility can also contribute to the revealed effect. The electron
mobility of FCP-II (see Table 1) increased by a factor of ten in the
presence of the second BT and nearly reached the hole mobility.
In addition to morphology, this increase could also be enhanced
by a significant difference between electron-transporting properties
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Figure 2 (a) EL spectra of (/) FCP-I and (2) FCP-II and (b) their current—
voltage and luminance—voltage characteristics.
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Figure 3 Absorption spectra of (a) FCP-I and (b) FCP-II layers (/) without
heating and (2) after heating at 80 °C for 4 h.

of two BT fragments A and C in the FCP-II (see Figure 1). In the
FCP-II backbone, one of the two BTs is chemically bonded to
two thiophene moieties (fragment A). The same molecular group
is present in FCP-I. Thiophene molecules are highly effective
electron donors.?> Consequently, the two neighboring thiophene
moieties increase the electron richness of the BT due to the delocaliza-
tion of contributing molecular orbitals. This causes a decrease in
the efficiency of BT as an electron transporting center and leads
to the lower brightness in the case of FCP-I. In contrast, the second
BT (fragment C) in FCP-II is localized between other adjacent
molecular fragments of much weaker electron-donating nature.>2

Thus, we have examined two specially synthesized copoly-
fluorene structures containing a low concentration of electron-
transporting benzothiadiazoles in the main chains. An extremely
small change in the chemical composition of these polymers
brought increased the brightness of PLEDs by a factor of about 20.
A certain choice of molecular fragments allowed us to optimize
the electron—hole mobility balance and to reach a tenfold increase
in electron mobility.

The work was supported by the Russian Science Foundation:
OLED manufacture and study were carried out within the project
no. 18-19-00588, and charge carrier mobility was studied within the
project no. 18-13-00409. Analysis of the macromolecule morpho-
logy was carried out at the expense of the grant no. 17-03-01179 A
from the Russian Foundation for Basic Research.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2020.03.011.
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