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Polymers bearing triarylamine derivatives are receiving con-
siderable interest as ideal hole-transporting materials (HTMs) in
various optoelectronic device applications such as organic light-
emitting diodes (OLEDs) and photovoltaic cells due to the
excellent hole-transporting/injecting properties of triarylamine
derivatives and due to their solution processability and good film-
forming properties,' which render them suitable for the fabrica-
tion of large-area and flexible OLEDs based on spin-coating and
inkjet printing.®> Various examples of the polymeric HTMs in
which triarylamine moieties are incorporated either in the con-
jugated main chain®* or in the side chain®® of their polymer
backbones have thus been reported so far. Among them, side-
chain polymers are regarded as attractive because their intrinsic
properties, such as physical/mechanical and rheological proper-
ties, can be easily tuned by varying the nature of their polymer
backbones while retaining the hole-transporting properties that
are inherited primarily from the pendant triarylamine moieties.
A proper choice of a polymer backbone possessing a high thermal
stability and good film-forming properties, in particular, may
provide an effective route to achieve efficient optoelectronic
devices with improved durability as well as easy processability
for low-cost and scalable fabrication.

In such regards, vinyl-type polynorbornenes bearing triarylamine
side groups can be considered promising polymeric HTMs in
optoelectronic devices since the parent polynorbornenes are known
to have excellent thermal properties with high 7, (>370 °C), low
moisture absorption, and good optical properties such as high
optical transparency and low birefringence, all of which are
highly desirable for HTMs used in many optoelectronic applica-
tions including OLEDs. Although polynorbornenes with pen-
dant triarylamines produced via ring-opening metathesis poly-
merization (ROMP) have been investigated as HTMs by Weck,
Marder, and co-workers,” these types of polymers exhibit mod-
erate T,s (typically below 100 °C) and could suffer from thermo-
oxidative instability due to the presence of unsaturation along
the polymer backbone. However, there has been no report so
far on the use of vinyl addition polymerization of norbornene
with a triarylamine group that yields a completely saturated
polymer backbone comprising bicyclic structural units. In this
report, we set out to explore the vinyl addition polymerization of
norbornene bearing triarylamine side groups with the help of
palladium(IT) catalyst by noting that late transition metal cata-
lytic systems based on nickel(II) or palladium(II) are effective for
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the preparation of vinyl-type polynorbornenes due to their high
activity and, moreover, due to their high tendency to result in
soluble polynorbornenes and their high level of tolerance toward
the functionality of a monomer.>’

Triarylamine-functionalized norbornene monomers, M1 and
M2, were designed and prepared according to Scheme 1. As tri-
arylamine moieties, N,N'-bis(naphthalene-1-yl)-N,N'-bis(phenyl)-
benzidine (NPB),'® the well-known molecular HTM in OLEDs,
and its monoamine analogue were introduced for M2 and M1,
respectively. The reactions of 5-norbornene-2-pentyl bromide'’
with the lithium salt generated in situ from 4-bromotriarylamine
starting materials (1 and 2) and #-BuLi afforded the monomers
in high yields (82% for M1 and 72% for M2). The analysis of the
"H NMR spectra further confirms that the monomers consist of a
mixture of endo and exo isomers (ca. 2:1 ratio) following the
composition of S-norbornene-2-pentyl bromide.

The homopolymerization reactions of M1 were first investi-
gated using a cationic Pd(II) catalyst derived from the in situ
reaction of N-heterocyclic carbene (NHC; N,N'-bis(2,6-diisopropyl-
phenyl)imidazol-2-ylidene) complex, [(NHC)Pd(;*-allyl)CI],"
and AgSbFg (Scheme 1). This catalytic system was chosen due
to its high activity in the polymerization not only of functiona-
lized norbornenes but also of endo-norbornenes.® The initial
polymerization of M1 with the Pd(II) catalyst resulted in high
monomer conversion (71%), but it was found that the resulting
polymer (P0) is almost insoluble in organic solvents even at
elevated temperatures (Table 1). However, the polymerizations in
the presence of 1-octene chain transfer agent (CTA)' efficiently
led to the production of soluble polynorbornenes (P1—P5). The
conversion gradually decreases with increasing 1-octene concen-
tration from 0.2 to 20 mol %. On the other hand, the molecular
weight of polynorbornene decreases rather sharply with increas-
ing 1-octene concentration from 0.2 to 10 mol %. For a 1-octene
feed larger than 10%, the decrease becomes relatively insignifi-
cant. The 'H and '*C NMR spectra of P1—P5 exhibited the
expected resonance features corresponding to the rigid poly-
norbornene backbone and triarylamine side groups with the
peak broadening and disappearance of olefinic protons, as
typically observed for vinyl-type polynorbornenes (Figure S3 in
the Supporting Information). All the polymers P1—P5 were
highly soluble in common organic solvents such as chloroform,
dichloromethane, THF, and chlorobenzene at ambient tempera-
ture. On the basis of these results, the polymerization of M2
monomer bearing an NPB side group was carried out in the
presence of 0.1 mol % of 1-octene. Although the conversion was
rather lower than that of M1 polymerization probably due to a
steric reason, it was seen that the high-molecular-weight poly-
norbornene (P6) can readily be produced. The spectroscopic and
elemental analysis data are also consistent with the formation of
vinyl-type polynorbornene with pendant NPB groups.

Among the polymers prepared, P5 and P6 were selected for
further analysis and OLED device fabrication. TGA measurements
reveal that they possess high thermal stability with decomposition
temperatures above 400 °C. In particular, the DSC analysis shows
the high glass transition temperature (7;,) of 268 and 365 °C for
PS5 and P6, respectively. The T, value of PS5 is in fact in good
agreement with those observed for polynorbornenes with a similar
alkyl chain length.'* In contrast, much higher value was observed
for P6. This is regarded to result mainly from the additional rigidity
supplemented by the NPB groups. We note that the molecular NPB
itself has a relatively high T, of ca. 95—100 oC 1015
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“Conditions and reagents: (i) 2 --BuLi, THF, —78 °C; (i) 5-norbornene-2-pentyl bromide, THF, 0 °C; [Pd(I)] = [(NHC)Pd(#*-allyl)][SbFq].
Table 1. Polymerization Results of M1 and M2 with Pd(II) Catalyst”

polymer monomer CTA (mol %)” conv (%) 107°M,f My /My© ng °O) T4s° (°C)
PO M1 0 71 €
P1 M1 20 28 15.5 2.36
P2 M1 10 35 17.5 1.93
P3 M1 5 43 24.9 2.31
P4 M1 1 48 77.6 3.54
pPs M1 0.2 55 158.4 2.79 268 401
P6/ M2 0.1 51 260.3 2.91 365 449

“Conditions: catalbyst:[(NHC)Pd(173-allyl)Cl]/AngF(,; [Pd]/[AgSbF¢]=1/1.5; [Pd]=2.2 umol; [Mon.]/[Pd]=1,000; solvent: 25 mL of chlorobenzene;

T,=25°C; 1,=20 h.

Molar ratio of chain transfer agent (1-octene) to monomer. ¢ Determined by GPC. ¢ Determined by DSC. ¢ Determined by TGA

at 5% weight loss.”[Pd]= 1.3 umol; solvent: 15 mL of chlorobenzene. ¢ Not determined.

Table 2. UV —vis, PL, and Electrochemical Data of P5 and P6

polymer Aabs (nm) (log &)” Aem (nm)” E, (eV)* % (eV)? HOMO¢/LUMO’ (eV)
P5 293 (4.25), 351 (3.73) 442 3.08 0.55 —5.35/=2.27
P6 341 (4.50) 464 3.00 0.31/0.53¢ =5.11/=2.11
NPB 341 (4.73) 466 3.02 0.29/0.56° —5.09/—2.07

@ Absorption measured in CH,Cl, (2.0 x 107> M). ® Acquired using a 2.0 x 10~° M solution. ¢ Estimated from the absorption edge. ¢ The first half-
oxidation potential vs a Fc/Fc 't couple. ¢ Calculated from the £5%.7 Estimated from the HOMO and band gap (E,) energies. * The second half-oxidation

potential.

The UV—vis absorption and PL spectra of P5 and P6 display
almost no change from those observed for M1 and M2 mono-
mers, indicating that the possible low-energy aggregation or
excimer formation between the neighboring triarylamine moieties
in P5 and P6 does not take place. Cyclic voltammetry measure-
ments show that both PS5 and P6 undergo a completely reversible
oxidation process, reflecting high oxidational stability, similar to
that observed for molecular NPB.'® It can also be seen that the
first oxidation of P6 is more facile than that of P5 owing to the
electron-donating effect of the remaining amine group that
stabilizes the cationic radical species. From the optical and
electrochemical data, the HOMO and LUMO levels are calcu-
lated to be ca. —5.4 to —5.1 and —2.3 to —2.1 eV, respectively,
which are appropriate for HTMs (Table 2). Particularly, the
HOMO and LUMO levels of P6 are found to be nearly identical
to those of M2 and molecular NPB (Figure S8)."°

In order to test the hole-transporting capability of the poly-
mers being studied, OLED devices were constructed in a nitrogen
environment using tris(8-hydroxyquinolinolato)aluminum (Alqs)
as emitting layers (EMLs) and the polymers as hole-transporting
layers (HTLs) in the following configuration: ITO/P5 or P6
(50 nm)/Alqs (40 nm)/LiF (1 nm)/Al (100 nm) (devices I and II).
The polymer was spin-coated onto a plasma-treated ITO/glass
substrate from a 1 wt % of chlorobenzene solution at 3000 rpm
and then dried at 80 °C for 30 min. For comparison, a device
having the same configuration based on the molecular NPB was
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Figure 1. EL spectra of the devices (I-1II) incorporating P5, P6, and
NPB as HTL and Alq; as EML.

fabricated by vacuum deposition (device III). The successive
depositions of Alqgs, LiF, and Al layers in devices I-III were
carried out on top of each HTLs (P5, P6, and NPB) at the same
time. As shown in Figure 1, all the devices emitted a green light
typical of Alqs-based OLEDs featuring the electroluminescence
(EL) spectra with an emission maximum A, of 528 nm. This
result indicates that the spin-coated P5 and P6 layers function
properly as HTLs for the green emission of Alqs.
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Figure 2. (a) Luminance vs voltage (L—V’) and (b) current density vs
voltage (/— V) characteristics for the devices (I—III).

Table 3. Performance of Electroluminescence Devices I—III

device 1 I I
HTL P5 P6 NPB
turn-on voltage (V)“ 8.6 4.1 2.6
max luminance (cd/m?) 10100 at 13700 at 30300 at

168V 137V 7.0V

luminance (cd/m?)? 2800 3090 4220
neoE (%)™ 0.89 0.98 1.42
7 (cd/A)> 2.6 2.9 4.1

“Recorded at 1 cd/m”. ” Taken at 100 mA/cm?. ¢ External quantum
efficiency. ¥ Luminous efficiency.

The current density—voltage—luminance (J— V— L) character-
istics for the devices are displayed in Figure 2, and the key
parameters are listed in Table 3. While devices I and II based on
polymeric HTLs exhibited higher turn-on voltages than that of
device III based on a regular molecular NPB, the turn-on voltage
of device Il was lower than that of device I, indicating facile hole
injection from the anode via P6 into the emitting layer. This result
is in parallel with the location of the HOMO level of P6, which
is closer to the work function of ITO (—4.7 to —4.8 eV) than
that of PS. With the increasing applied voltage, both devices
Iand IT showed a high level of current density and luminance with
a maximum brightness (Ly.x) of 10100 cd/m2 at 16.8 V and
13700 cd/m? at 13.7 V, respectively. Higher luminous efficiency
(171) and external quantum efficiency (7gqE) (Figure S9) were also
observed for device IT in a wide range of current densities,
indicating that a device containing P6 consistently performs
better than one containing P5. Although the overall perfor-
mances of device II in terms of Lyax, 771, and ngoE are rather
lower than those of device III (Table 3), we find that device II
shows high performance comparable to those of the reported
Alqs-based OLED devices with a similar structure incorpora-
ting polymeric HTMs.*!® For example, the maximum MEQE
and L values are reported in the range of 0.76—2.5% and
8600 — 18000 cd/m> respectively. Therefore, the results shown
here suggest that the polynorbornene bearing side-chain tri-
arylamine moieties may have great potential as HTMs in OLEDs
with a good cost-performance balance in some low-end display
applications such as signage and smart electronic labels that are
likely to receive the greatest benefits from the high-throughput
solution processing such as printing.

In conclusion, we have demonstrated that soluble polynorbor-
nenes bearing triarylamine side groups can be efficiently pro-
duced by the vinyl addition polymerization of norbornene
monomers with Pd(IT) catalyst in combination with the chain
transfer agent. The polymers possess a high glass transition
temperature and display a particularly outstanding hole-trans-
porting/injecting ability when incorporated into OLED devices
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through solution process. The methodology shown here may
further be extended to the synthesis of soluble analogues of
various functional small molecules so that solution-processed
devices can achieve a performance level comparable to that of
vacuum-deposited counterparts.
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