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ABSTRACT: Well-defined ambipolar block copolymers
containing carbazole, oxadiazole moieties, and only one
homoleptic iridium(III) complex between the carbazole and
oxadiazole blocks were successfully synthesized by sequential
living anionic polymerization with controlled molecular
weights (Mw), a narrow molecular weight distribution (M,/
M, < 1.15), and a high conversion yield (98—100%). The
optimum conditions for the successful controlled synthesis of
an oxadiazole-containing the homopolymer of poly(2-phenyl-
5-(6-vinylpyridin-3-yl)-1,3,4-oxadiazole) have been established
by controlling the nucleophilicity strength of the carbanion. In
addition, the location and concentration of the homoleptic
iridium(II) complex were controlled by linking it to 1,1-
diphenylethylene, which exhibits monoaddition characteristics
in the main chain of the block copolymer.

iving anionic polymerization is one of the most effective
methods for preparing well-defined polymers with
predictable molecular weights and narrow molecular weight
distributions." Using this technique, functional polymers
containing nitrogen, oxygen, sulfur, and so on have been
successfully synthesized.” However, attention must be paid to
suppressing complicated side reactions caused by initiators,
living polymer ends, and heteroatom-containing units. For
example, although the anionic polymerization of 9-vinyl-
carbazole (NVK) is known to be impossible, the successful
syntheses of uncontrolled poly(9-vinylcarbazole)® and a few
controlled carbazole derivative polymers*® by anionic polymer-
ization have been reported.
In general, 1,3,4-oxadiazole-containing materials have been

extensively utilized as acceptors because of their high electron-
accepting characteristics as compared with oxazoles and
triazoles.® Therefore, the synthesis by random or living radical
polymerization of various polymethacrylates and polystyrenes
bearing oxadiazoles as side chains has been reported.” However,
the synthesis of controlled oxadiazole-containing polymers by
anionic polymerization has not yet been reported due to
complicated side reactions caused by the highly reactive
carbanion of living polystyrene, sec-butyl lithium and so on.
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1,1-Diphenylethylene (DPE) is one of styrene derivatives.
However, anionic polymerization does not occur in an excess of
DPE because DPE exhibits only monoaddition behavior.
Combining functionalized DPE derivatives with living polymers
could provide several methods for the preparation of chain-end-
functionalized and in-chain-functionalized polymers with
Therefore, various DPE derivatives
containing functional groups such as alcohols, amines,
carboxylic acids, N,N-diisopropylamide, and so on have been
introduced,® but the synthesis and introduction of transition-
metal-containing DPE in anionic polymerizations has not been
studied.

Ambipolar block copolymers have been exploited as
materials that can substantially improve the performance of
organic electronics.” Although ambipolar block copolymers
prepared by living radical polymerization demonstrated
improved performance with respect to charge transport, as
compared with random copolymers,'® some synthetic limi-
tations were discovered. In the synthesis of iridium complex
(Ir)-containing ambipolar block copolymers, limitations were

controlled structures.®
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identified relating to (i) a decrease of the initiating block, (ii) a
failure to initiate the second block, and (iii) a competition
between termination and polymerization by nitroxide end
groups or the postpolymerization attachment of the prepared Ir
complexes.'' Therefore, the synthesis of controlled ambipolar
block copolymers by living polymerization remains a challenge
Control over the morphology is considered a key factor'
because the morphologies of ambipolar block copolymers have
a significant effect on their photophysical and electrical
performance.'?

In this study, we reported the synthesis of well-defined
ambipolar block copolymers with 9-phenyl-2-vinyl-9H-carba-
zole (nPh2VCz), (2-phenyl-3-(3-(4-(1-phenylvinyl)phenyl)-
propoxy)pyr-idine) (2-phenylpyridine),iridium (DPEPrO-
(PPy);Ir) with monoaddition characteristics, and 2-phenyl-5-
(6-vinylpyridin-3-yl)-1,3,4-oxadiazole (VPyOzP) by a sequen-
tial living anionic polymerization, as shown in Scheme 1. We

Scheme 1. Synthesis of Well-Defined Block Copolymers
Containing 9-Phenyl-2-vinyl-9H-carbazole (nPh2VCz), (2-
Phenyl-3-(3-(4-(1-phenylvinyl)phenyl)propoxy)pyridine) (2-
phenylpyridine),iridium (DPEPrO(PPy),Ir), and 2-Phenyl-
5-(6-vinylpyridin-3-yl)-1,3,4-oxadiazole (VPyOzP) by
Sequential Living Anionic Polymerization
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have demonstrated for the first time that the living anionic
polymerization of Ir-containing and oxadiazole-containing
monomers could be performed without any observable side
reactions.

As shown in Scheme 1, to synthesize controlled ambipolar
block copolymers, we first synthesized a new carbazole
derivative of nPh2VCz by modifying the structure of NVK
via the insertion of a phenyl group onto the nitrogen and the
incorporation of a vinyl group onto the 2-position of the
carbazole unit to overcome the limitations of the anionic
polymerization of NVK'* (see Scheme S1 in the Supporting
Information). The anionic polymerization of nPh2VCz was
carried out successfully using n-BuLi, s-BuLi, and s-BuLi/
styrene ([s-BuLi]o/[St], = 0.33). The s-BuLi/styrene was
optimum for the living anionic polymerization of nPh2VCz and
resulted in a more controlled molecular weight (M,) and a
narrower molecular weight distribution (M,,/M,) (20100 and
1.0S, respectively) than those obtained with n-BuLi (9500 and
1.19) and s-BuLi (8700 and 1.11) (see Table Sl in the
Supporting Information).

In addition, we designed a DPE derivative with an alkyl chain
as a spacer to improve the steric hindrance and solubility at
—78 °C for the living anionic polymerization and with an Ir
complex at the end of the alkyl chain. DPEPrO(PPy),lr, as
shown in Scheme 1, was synthesized successfully (see Scheme
S3 in the Supporting Information). Next, the DPEPrO(PPy),Ir
was monoadded to each end of the PnPh2VCz chains without
any observable side reactions, as shown in Table 1. To the best
of our knowledge, this was the first instance in which an Ir-
complex unit in DPEPrO(PPy);Ir was unreactive to attack from
the carbanion of the living PnPh2VCz during anionic
polymerization. In addition, the location and the concentration
of the Ir complex in the block copolymers were completely
controlled.

As shown in Scheme 1, a new oxadiazole-containing
monomer of VPyOzP was synthesized by introducing a
pyridine moiety between the vinyl and the oxadiazole units
(see Scheme S4 in the Supporting Information). The addition
of the oxadiazole units as a withdrawing group resulted in a
decrease in the 7-electron densities on the vinyl bonds.>® The
anionic polymerization of VPyOzP was performed using
different initiation systems (s-BuLi, s-BuLi/DPE, and s-BuLi/
nPh2VCz/DPE) based on the anionic polymerization of 2VP
using s-BuLi/DPE under previously reported conditions.'®
Among the initiation systems based on s-BuLi, only the anionic
polymerization of VPyOzP using s-BuLi/nPh2VCz/DPE was
successfully optimized, resulting in a controlled M, and a

Table 1. Synthesis of PnPh2VCz/DPEPrO(PPy),Ir-b-PVPyOzP by Sequential Living Anionic Polymerization in THF at —78 °C

DPEPrO
s-BuLi/St  nPh2VCz (PPy),Ir VPyOzP  time
run (mmol) (mmol) (mmol) (mmol)  (min)
PCI 0.045/0.16 1.80 0.059 150
PCIO1 0.037/0.14 1.75 0.070 0.33 450
PCIO2 0.045/0.18 1.48 0.077 0.84 450
PCIO3 0.048/0.17 0.79 0.068 1.57 450

Block copolymer (homopolymer)

M, X 19- 'H . yield (C)m/(Ql/
calcd® ‘obsd NMR® M,,/M, (%) (0),
115 (10.8) 120 (10.6) 120  1.07 (1.09) 100  41.3:1:0
15.8 (13.6) 142 (13.5) 145 113 (1.09) 99  48.1:1:2.69
15.3 (9.8) 159 (105) 168 113 (1.08) 99  37.3:1:23.6
17.5 (4.4) 18.1 (3.8) 186  115(1.07) 98  133:1:368

“M, (caled) = MW of 9-phenyl-2-vinyl-9H-carbazole (nPh2VCz, C) X [nPh2VCz]/[s-BuLi] + MW of (2-phenyl-3-(3-(4-(1-phenylvinyl)phenyl)-
propoxy)pyrldme)(Z phenylpyrldlne)zlrldlum (DPEPrO(PPy);lr, I) + MW of 2-phenyl-5-(6-vinylpyridin-3-yl)-1,3,4-oxadiazole (VPyOzP, O) X

[VPyOzP, O]/[s-BuLi].

*M, (obsd) and M, /M, values were measured by SEC calibration using a polystyrene standard in THF containing 2%

triethylamine (TEA, (C2H5)3N) as the eluent at 40 °C. “Estimated by the 'H NMR signal intensity ratio of the carbazole and oxadiazole protons of
PnPh2VCz and PVPyOzP to the methyl protons of the s-Bu group. “The number of repeating units of each block was determined by 'H NMR.
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narrow M,,/M, (7700 and 1.11, respectively; see Table S2 in
the Supporting Information). These results verified that
oxadiazole-containing vinylpyridine derivatives have a living
nature if the reactivity of the carbanion can be controlled using
s-BuLi/nPh2VCz/DPE. Furthermore, we describe, for the first
time, the living nature of the oxadiazole-containing monomer.

Based on the following three living conditions, (i) the
anionic polymerization of nPh2VCz using s-BuLi/styrene, (ii)
the Ir-complex unit in DPEPrO(PPy),Ir unreactive to the
attack of the living PnPh2VCz, and (iii) the anionic
polymerization of VPyOzP using s-BuLi/styrene/nPh2VCz/
DPE, as described above, a series of well-defined ambipolar
block copolymers (PCIO1—3) were successfully synthesized by
the sequential living anionic polymerization shown in Table 1.

The resulting block copolymers have different numbers of
repeating units of nPh2VCz (C)/DPEPrO(PPy),Ir (I)/
VpyOzP (0) (C/1/0), such as PCIO1 with C/I/O =
48.1:1:2.69, PCIO2 with 37.3:1:23.6, and PCIO3 with
13.3:1:56.8. The observed M, of each block copolymer by
SEC and '"H NMR was in good agreement with the calculated
M, and the M, /M, values of PCIO1, PCIO2, and PCIO3 were
narrow, as shown in Table 1. Depending on the different block
ratios of carbazole/Ir and oxadiazole, the SEC profiles shifted
from poly(nPh2VCz/DPEPrO(PPy),lr) (PCI) to PCIO, as
shown in Figure 1. This observation confirmed the successful
synthesis of the block copolymers by sequential living anionic
polymerization.

(a) (b) (c)

25 26 27 25 26 27 26 27 28 29 30
eluent time (min) eluent time (min) eluent time (min)

Figure 1. SEC profiles of (a) PCI and PCIO1, (b) PCI and PCIO2,
(c) PCI and PCIO3. PCI (poly(nPh2VCz/DPEPrO (PPy),lr), dotted
line) and PCIO (poly(nPh2VCz/DPEPrO (PPy);Ir-b-VPyOzP), solid
line).

The three block copolymers of PCIO1, PCIO2, and PCIO3
exhibited different "H and '*C NMR spectra, depending on the
block ratios and on the concentrations of PnPh2VCz and
poly(2-phenyl-S-(6-vinylpyridin-3-yl)-1,3,4-oxadiazole) (PVPy
OzP) in the block copolymers, as shown in Figure 2ab. The
various intensities of the identifying carbazole and oxadiazole
spectra were used to estimate the block compositions.
Specifically, as the number of oxadiazole units increases in
the block copolymers, the intensities of the peaks at 8.94 ppm
in the '"H NMR and at 164.6 ppm in the *C NMR of the
oxadiazole spectra were increased. In addition, the intensities of
the peaks at 6.1 ppm in the "H NMR and 109.3 ppm in the *C
NMR spectra of carbazole were reduced. These results further
confirmed the synthesis of the three different block copolymers.

The thermal behaviors of PnPh2VCz, PVPyOzP, and PCIO
were measured by thermogravimetric analysis (TGA), as shown
in Figure 2c, and by differential scanning calorimetry (DSC), as
shown in Figure 2d. All of the polymers exhibited excellent
thermal stability with an onset (5% weight loss) of
decomposition. The decomposition temperature (T3) of the
polymer samples decreased in the following order: PnPh2VCz
(T; = 384 °C) > PCIO1 (377 °C) > PCIO2 (359 °C) >
PCIO3 (355 °C) > PVPyOzP (332 °C) as the PVPyOzP-block
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Figure 2. (a) 'H and (b) “C NMR spectra of PnPh2VCz/
DPEPrO(PPy),lr-b-PVPyOzP with different numbers of repeating
units of 48.1:1:2.69 (PCIO1), 37.3:1:23.6 (PCIO2), and 13.3:1:56.8
(PCIO3). (c) The decomposition temperature (Ty) and (d) glass
transition temperature (Tg) of PnPh2VCz, PVPyOzP, PCIO1, PCIO2,
and PCIO3 for different block ratios.

moiety increased in the polymer chain (Figure 2c). The glass
transition temperatures (T,) of PnPh2VCz, PVPyOzP, and
PCIO are shown in Figure 2d. The T,s of PnPh2VCz and
PVPyOzP were 183.7 and 143.5 °C, respectively. Each block
copolymer of PCIO1, PCIO2, and PCIO3 produced only one
T, The T, of PCIO1 (183.0 °C) is similar to that of PnPh2VCz
(183.7 °C) because the 18.6 mol % of oxadiazole units in the
PCIO1 had only a minimal effect on the T, of the block
copolymer. In contrast, as the oxadiazole units increased in the
block copolymer, the T,s of PCIO2 (172.7 °C) and PCIO3
(166.1 °C) were gradually reduced. High T, and T, values are
required of polymers for organic electronic devices with high
thermal stability. Accordingly, PCIO1, PCIO2, and PCIO3,
which have excellent thermal stability, could improve device
stability.

Figure 3a shows the normalized UV—vis absorption spectra
of PCIL, PCIO1, PCIO2, and PCIO3 films. The absorption
spectra of these block copolymers exhibited similar bands in the
ultraviolet (UV) and visible (vis) regions from 270 to S50 nm
because the carbazole, the oxadiazole, the intraligand of the Ir
complex (7—z*), and the metal—ligand charge transfer
("MLCT) transitions of the homoleptic Ir complex were
dominated. The maximum absorption wavelength (4,,,,) of 294
nm for PCIO3 and 302 nm for PCI, PCIO2, and PCIO3 could
be assigned to the spin-allowed m—n* transition. The weak
absorption wavelength of 370—380 nm was assigned to the
'"MLCT transition. The "MLCT transitions of the Ir complexes
in these block copolymers are located at the same positions on
the Ir(PPy);-doped PVK and the random copolymer of PVK
containing the Ir complex as a side chain.'® The intensities of
the peaks at 278 and 344 nm were altered depending on the
block ratio of the block copolymer (Figure 3a). In addition, the
UV—vis spectra of PCI, PCIO1, PCIO2, and PCIO3 in
chloroform were measured, but no differences could be
detected between the wavelengths of the UV—vis spectra of
the films and those in chloroform. (see Figure S20 in the
Supporting Information).
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Figure 3. (a) UV—visible absorption spectra, (b) cyclic voltammo-
grams, (c) energy band diagram, and (d) photoluminescence spectra
of PnPh2VCz/DPE PrO(PPy)Ir-b-PVPyOzP with the given number
of repeating units of 41.3:1:0 (PCI), 48.1:1:2.69 (PCIO1), 37.3:1:23.6
(PCI02), and 13.3:1:56.8 (PCIO3).

The highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO) level of PCI,
PCIO1, PCIO2, and PCIO3 as measured by cyclic voltammetry
(CV) are shown in Figure 3b, and the energy band diagram is
given in Figure 3c. The CV results verified that the oxidation of
the block copolymers began at the carbazole block of a hole-
transporting segment. The HOMO energy levels can be
calculated based on the ferrocene value of 4.8 eV with respect
to the vacuum level.'” Furthermore, to estimate the LUMO
energy levels, the optical energy gap (Eopt) was obtained from
the absorption onset of the block copolymers. This result
demonstrated that the HOMO and LUMO energy levels were
predominated by various block ratios in block copolymers (see
Table S3 in the Supporting Information).

Figure 3d shows the photoluminescence (PL) spectra of the
PCI, PCIO1, PCIO2, and PCIO3 films. The PCI, PCIO1, and
PCIO2 exhibited maximum emission at 530 nm, but the block
copolymers of PCIO3 showed an emission maximum at 525
nm. The PL spectra of PCI, PCIO1, PCIO2, and PCIO3 in
chloroform were also measured to compare with those in film.
When the block copolymers of PCI, PCIO1, PCIO2, and
PCIO3 in chloroform were excited by 360 nm wavelength, they
exhibited a single peak exciplex emission and the same emission
maximum at 530 nm, which were different from the bimodal
spectra in the film at 530 and 525 nm (see Figure S21 in the
Supporting Information). This result indicated that the energy
transfer mechanism could be changed by varying the chemical
composition of the PnPh2VCz, DPEPrO(PPy),lr, and
PVPyOzP blocks in the block copolymers as the PVPyOzP
block increased. In addition, this varying block composition
presumably altered the maximum emission in the film from 530
to 525 nm. The details regarding the blue shift in Figure 3d are
not currently clear but will be investigated in the future.

To study the efficiency of the energy transfer, the PLs of
PnPh2VCz at the excitation wavelength of 300 nm, DPE
PrO(PPy);Ir at 360 nm, and PVPyOzP at 295 nm were
measured (see Figure S22 in the Supporting Information). The
maximum emissions of PnPh2VCz, DPEPrO(PPy),Ir, and
PVPyOzP were 366, 530, and 410 nm, respectively. We found
that the maximum emission of PnPh2VCz and PVPyOzP was
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not observed in the PL spectra of each block copolymer, but
the dopant emission of DPEPrO(PPy),lr was as shown in
Figure 3d. This indicates that the emission of PnPh2VCz and
PVPyOzP was completely quenched with adequate DPEPrO-
(PPy);lr, confirming that an efficient Forster energy transfer
occurred from PnPh2VCz and PVPyOzP to DPEPrO(PPy),lr.

To study the phase separation behavior, the quaternized
block copolymers of PCIO1, PCIO2, and PCIO3, which were
prepared with HCl in THF, were dissolved in chlorobenzene
(1.0 mg/mL, 1.0 wt %). These solutions were then drop-cast
onto carbon-coated copper grids and annealed at 240 °C for 50
h. The annealed samples were stained with phosphotungstic
acid. Clear microphase separations of the quaternized block
copolymers were observed using an energy-filtering trans-
mission electron microscope (EF-TEM) , as shown in Figure 4a,

Figure 4. TEM images of PnPh2VCz/DPEPrO(PPy);Ir-b-PVPyOzP
block copolymers. (a) PCIO1, (c) PCIO2, and (e) PCIO3. The dark
regions stained with phosphotungstic acid are PVPyOzP. IFFT images
of (b) PCIO1, (d) PCIO2, and (f) PCIO3 for color after making in
temperature.

¢, and e. Because quaternization introduced a charge to the
PVPyOzP segment, the coil of the PVPyOzP chain was
extended as result of Columbic repulsion.'® In contrast, the
block copolymers of PCIO1, PCIO2, and PCIO3 without
quaternization with HCI] exhibited unclear microphase
separations (see Figure S23 in the Supporting Information).

Pixel analysis of the TEM macrographs was performed using
Digital Micrograph 3.4 image analysis software (Gatan, Inc.
5933 Coronado Lane, Pleasanton, CA 94588) with a special
algorithm for quickly calculating the Fourier transform (FFT)
of a source image. After an inverse Fourier transform (IFFT)
was performed via calculation of FFT, the images were then
recorded in temperature mode (with different colors applied to
the images), which is based on the real-space pixels of the
analysis area.'”

Figure 4b, d, and f shows the IFFT images of PCIOI,
PCIO2, and PCIO3 for color after making in temperature as
reported previously by G. C. Bazan and A. J. Heeger group.”® In
the comparison with the micrographs (Figure 43, ¢, and e), as
the PVPyOzP composition increases, the dark area in the real
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images increases and the blue regions in the processed images
increase. However, the yellowish orange regions decreased,
indicating that the blue color represents PVPyOzP, and the
yellowish orange color is PnPh2VCz. However, the green areas
remain constant in the three images with quantities between
those of the blue and yellowish orange regions, indicating that
the green color identifies DPEPrO(PPy),lr.

In summary, we reported an outstanding strategy to
synthesize well-defined block copolymers of PnPh2VCz/
DPEPrO(PPy);Ir-b-PVPyOzP by establishing the optimal
conditions to fine-tune the nucleophilicity strength of each
living polymer in the following order: living PnPh2VCz >
DPEPrO(PPy),Ir > living PVPyOzP, using the monoaddition
reactivity of DPEPrO(PPy),lr between the PnPh2VCz and
PVPyOzP block by sequential living polymerization. In future
studies, the ability of these ambipolar block copolymers to
control the morphologies and performance of organic
electronics will be studied.
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