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Abstract—New carbazole- and terpyridine- containing norbornene derivatives were synthesized and struc-
turally characterized. On the basis of these compounds by the method of metathesis polymerization copolymers
were obtained with carbazole and terpyridine fragments in side chains. The synthesized copolymers react with
terbium pyrazolonate complex to form the terbium-containing polymeric materials exhibiting the metal-

centered photo- and electroluminescence.
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The metathesis ring-opening polymerization (ROMP)
of the norbornene derivatives allows a production of a
variety of functionalized polymer materials [1-3]. The
polymers containing carbazole groups are known to
have the hole-transporting properties and are used as a
matrix for doping with luminophore metal complexes
to produce emission layers in the light-emitting diodes
(OLEDs) [4, 5]. In the doped polymers the unordered
distribution of metal complexes often results in their
aggregation, which leads to the decrease of
electroluminescent characteristics. Uniform
distribution of luminescent metal sites is achieved
when the luminophore metal complexes are chemically
bound to the polymer chain by means of anchor
functional groups. Recently we and other researchers
successfully used the ROMP method for producing the
electroluminescent polymers containing chemically
bound luminophore complexes of platinum, iridium,
and terbium [6-9]. A variety of chelating groups,
including terpyridine fragments, can play the role of
the anchor groups capable of binding metal complexes
with the polymer chain. In addition to the anchor
function, the terpyridine ligands bound with a
lanthanide ion can transfer excitation energy from the
ligand to the central metal ion [10]. It is known that
among the electroluminescent compounds of terbium

the most effective are the pyrazolonate complexes [11,
12], so it is expectable that the polymers containing
pyrazolonate terbium complexes will also exhibit an
efficient electroluminescence.

In this paper we report on the synthesis of new
functional derivatives of norbornene and on the
preparation from them by the ROMP technique the
copolymers containing the hole-transporting carbazole
groups and anchor terpyridine fragments in the side
chains. The synthesized copolymers react with the
pyrazolonate terbium complex Tb(PMIP); (where
HPMIP = 1-phenyl-3-methyl-4-isobutyrylpyrazol-5-
one) to form the terbium-containing polymer materials
with an intense metal-centered photo- and electro-
luminescence.

The carbazole-containing norbornene monomer bi-
cyclo[2.2.1]hept-5-ene-2-yl(9H-carbazol-9-yl)methanone
(I) was synthesized by the reaction of carbazole
sodium derivative with 5-norbornenylcarbonyl chloride.

According to '"H NMR spectroscopy, at the equi-
molar ratio of reagents compound I is formed as a
mixture of endo- (Ia) and exo- (Ib) isomers in a 75:25
ratio. Different solubility of the isomers in hexane
allowed us separating them and isolating each one in a
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pure form with the yields 57% and 7% respectively.
With 1.5-fold excess of the carbazole sodium
derivative the yield of isomer Ib increased to 60%.
Obviously, the endo-isomer formed is converted with
excess sodium carbazolate into the exo-isomer. Similar
endo/exo isomerization of methyl S5-norbornenyl-
carboxylic acid is known to occur in the presence of
sodium methoxide as a base [13]. The isomers Ia and
Ib are stable in air colorless crystalline substances with
melting temperatures 92°C and 73°C respectively.

X-ray diffraction studies confirmed the existence of
compound I in the crystalline state in the form of endo-
and exo-isomers (Fig. 1). The unit cell of Ia isomer

contains two independent molecules (A and B) with
close geometric characteristics (Table 1). Figure 1
shows the structure of molecule A.

The bond lengths at the C" atom (Table 1) cor-
respond to the single C—N, C-C, and the double C=0
bonds. The carbazole fragments N'C'-C'? are planar,
the average deviation of these atoms from the plane are
0.017 A and 0.020 A, respectively. The O'C"*C"
fragments and carbazole groups are almost coplanar,
the dihedral angle between them in the Ia and Ib
structures equals 8.6° and 5.7°, respectively.

The norbornene monomer Il containing terpyridine
functional group was obtained by the reaction of 2,6-

(b)

Fig. 1. Molecular structure (a) (Ia, A) and (b) (Ib) (thermal ellipsoids are shown with 30% probability, hydrogen atoms are not

shown).
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di-2-pyridyl-4(1H)-pyridone with 5-norbornenylcar-
bonyl chloride in the presence of triethylamine as a base.

|
Cl

THF/Et;N =0

Compound II was isolated in 86% yield as an air-
stable colorless crystalline substance, readily soluble in
THF, CH,Cl,, and sparingly soluble in methanol.
NMR analysis of the reaction mixture showed that the
product II, like compound I, consists of endo- and exo-
isomers with the ratio of 75:25. However, in a single
crystal of compound II the X-ray analysis revealed
only the endo-isomer (Fig. 2).

The terpyridine fragment is planar. Mean deviations
of the atoms N'N°C'C" from the plane of the
terpyridine group are 0.05 A. The distances O'-C* and
0'-C'® are 1.395(2) and 1.375(2) A and are consistent
with a single C,—O or Cy—O bonds (1.401 A and
1.360 A, respectively [14]). The C'°~O* distance
[1.199(2) A] is characteristic of the double bond C=0O
(1.187 A [14]). The dihedral angle between the plane
of the fragment C*0'C'°O” (average deviation of
atoms from the plane is 0.014 A) and terpyridine plane
N'N’C'CP) is 40.4°.

Copolymerization of monomers I and II in the
presence of the Grubbs catalyst of the III generation
resulted in obtaining the target copolymers containing
respectively carbazole and terpyridine groups in the
side chains.

Since the monomer II contains a chelating ter-
pyridine fragment, it is expectable that in the process

1897

Fig. 2. The structure of compound II (thermal ellipsoids
are shown with 30% probability, hydrogen atoms are not
shown). Selected bond lengths (A): O'-C® 1.395(2), O'-
C'® 1.375(2), O>—C' 1.199(2), C'*-C" 1.506(2), C*-C*
1.308 (4).

of metathesis polymerization the ruthenium catalyst
will interact with terpyridine group and lose its
catalytic activity. However, a study with the use of
NMR spectroscopy of similar reaction with the
terpyridine trifluoromethylsulfonate derivative showed
that the catalyst deactivation does not occur.

The copolymerization was carried out in CH,Cl,
solution at room temperature, at the molar ratio of
monomers n:m = 5:1 (the structures P1 to P3). The
catalyst was used in an amount of 0.33 mol % to the
total amount of monomers. The copolymerization
completeness was monitored by thin layer
chromatography. The reaction with the endo-isomer Ia

Table 1. Selected bond lengths for compounds Ia and Ib

d A
Bond Ia
b
molecule A molecule B
N¢" 1.406(3) 1.402(3) 1.408(3)
ch-o! 1.217(3) 1.206(3) 1.215(3)
ch-c* 1.492(4) 1.525(4) 1.521(4)
N'-c! 1.422(3) 1.429(3) 1.434(3)
N'-C" 1.434(3) 1.425(3) 1.427(3)
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completed in 3 h (the copolymer is designated as P1 in
the reaction scheme). It is known that the exo-isomers
of functionalized norbornene monomers exhibit a
higher reactivity in the ROMP reactions compared to
the endo-isomer [15]. The exo-isomer Ib is also more
active than the endo-isomer Ia, and the copolymerize-
tion with this monomer (copolymer P2) completed in 2 h.

Table 2. Molecular-mass characteristics, glass transition
temperature, and decomposition temperature of copolymers
P1-P6

Copolymer | M, M, M M, | T, «(°C) | Ty(°C)°
P1 41000 30600 1.34 178 317
P2 55000 35200 1.56 159 323
P3 49900 35200 1.42 172 280
P4 74700 50800 1.47 169 312
P5 57900 39100 1.48 164 291
P6 57100 41400 1.38 160 262

* The temperature at 5% weight loss.

ROZHKOV et al.

P1, P2, P3

When monomer I is used in the copolymerization as a
mixture of endo- and exo-isomers, the formation of the
copolymer (P3) completed in 2.5 h.

The resulting copolymers P1, P2, and P3 are
colorless solids, readily soluble in THF, CH,Cl,, and
CHCI;. Table 2 lists their molecular mass charac-
teristics, glass transition temperature, and decom-
position temperature.

To obtain terbium-containing copolymers we used
the pyrazolonate complex Tb(PMIP); as a starting
reagent. Synthesis of lanthanide pyrazolonate
derivatives usually is carried out in a water—alcohol
medium, and the resulting lanthanide complex contains
coordinatively bound water and alcohol molecules [11,
12]. The presence of water molecules in lanthanide
complexes is known to decrease significantly their
electroluminescent characteristics [5]. Therefore, for
the synthesis of terbium pyrazolonate we performed
reaction of terbium fert-butoxide with pyrazolone,
which provided an anhydrous product.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No. 12 2012
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Tb(OBu’); + 3

After removing the solvent and volatile products by

heating to 100°C in a vacuum the complex Tb(PMIP),
was isolated in 90% yield in an analytically pure state.

————

1899

THF, 60°C

-3Bu'OH

The interaction of Tb(PMIP); with the copolymers
P1, P2, and P3 leads to the formation of the terbium-
containing copolymers P4, P5, and P6, respectively.

P1, P2, P3

At room temperature the reaction completed in 6 h.
The isolated products (Table 2) are air-stable pale pink
solids, readily soluble in THF, CH,Cl,, and CHCl;.

Study of photophysical properties of the com-
pounds obtained showed that the absorption spectra of

P4. PS. P6

the monomers Ia, Ib, and II and polymer products P1,
P2, P3, P4, PS5, P6 (Fig. 3, Table 3) are similar. They
contain four bands with maxima at 269, 288 , 303, 314 nm,
which can be attributed to the m—n* transitions in the
aromatic systems of the pyridyl rings and carbazole
fragments. The spectrum of the terbium complex
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Fig. 3. Absorption spectra of the monomers: (a) (/) Ia, (2) Ib, (3) II, (4) Tb(PMIP);, and copolymers (b) P1, P2, P3, P4, P5, P6 in

CH,Cl,.

Tb(PMIP); (Fig. 3, Table 3) practically coincides with
the absorption spectrum of the earlier obtained hydrate
Tb(PMIP)3(H,0), [12]. In both cases there is a broad
band at 263 nm attributable to mw—7* transitions
localized in the benzene rings.

In the photoluminescence (PL) spectra of copoly-
mers P1, P2, and P3 dissolved in CH,Cl, (Fig. 4a, and
Table 3) broad bands appeared in the range 340-360 nm
due to m—m transitions in isolated carbazole and
terpyridine fragments and less intense bands of ex-
cimers of the same groups in the range of 370-450 nm.

It is known that the polyvinylcarbazole photo-
luminescence even in a solution is due to the emission
of high-energy (380 nm) and low-energy (420 nm)
excimers of the carbazole groups [16]. The polymer
chain of the copolymers P1, P2, and P3 is more rigid
compared with polyvinylcarbazole, therefore the side
groups interact much weaker. For this reason, the
photoluminescence spectra of copolymers P1, P2, and
P3 in solution, in contrast to the spectrum of poly-
vinylcarbazole, show emission of the isolated
carbazole and terpyridine. In the solid state the
distance between the aromatic fragments of the side

Table 3. Photophysical characteristics of the compounds obtained

abs
Compound [ex lofgtmlaxr;lg;g em'] A, AT glg?gtu;/r:
in CH,Cl, film in CH,Cl, in CH,Cl,
Ia 266 (35), 287 sh (25), 303 (14), 314 (15) 381 343,359 -
Ib 266 (43), 287 sh (31), 303 (16), 314 (17) 383 343,359 -
I 279 (27), 310 sh (9) 397 355 -
Tb(PMIP); 266 (31) 492, 550, 586, 624 492, 550, 586, 624 441
P1 269 (127), 287 sh (98), 302 (59), 314 (53) 383, 488 sh 341 sh, 387, -
P2 269 (210), 287 sh (156), 302 (79), 314 (73) 399, 486 sh 341, 361, 454 sh -
P3 269 (157), 287 sh (121), 302 (69), 314 (59) 379, 486 sh 359,371,454 sh -
P4 269 (147), 288 sh (101), 303 sh (56), 314 (50) 409, 492, 550, 586, 624 | 357,492, 550, 586, 624 0.71
P5 269 (234), 288 sh (162), 303 sh (81), 314 (71) 409, 492, 550, 586, 624 | 357,492, 550, 586, 624 1.34
P6 269 (165), 288 sh (114), 303 sh (55), 314 (45) 409, 492, 550, 586, 624 | 357,492, 550, 586, 624 1.10
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Fig. 4. Photoluminescence spectra of the copolymers P1, P2, P3 in (a) CH,Cl, and (b) in thin films, A 280 nm.
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Fig. 5. PL spectra of copolymers P4, P5, P6 in (a) CH,Cl, and (b) in thin films, Aex. 285 nm.

chains is greatly reduced, which apparently contributes
to the formation of stack luminescent structures, the
excimers and exciplexes. As a result, in the photo-
luminescence spectra of copolymers P1, P2, and P3 in
thin films (Fig. 4b) the high-energy (380—400 nm) and
low-energy (around 485 nm) bands of the associated
carbazole and terpyridine groups are predominant.

The photoluminescence spectra of the terbium-
containing copolymers P4, P5, P6 (Fig. 5) in solution
and in thin films contain intense bands at 492, 550,
586, and 624 nm corresponding to the SDy—"F,
5D4—>7F5, 5D4—>7F4, and °D,—'F; transitions of the
Tb*" ion, and broad bands of low intensity of the
polymer matrix. The predominant metal-centered emission
in the spectra of the terbium-containing copolymers
reflects the effective transfer of excitation energy from

the polymer matrix to the terbium ions along the
Forster mechanism [17]. Photoluminescence quantum
yield of copolymers P4, P5, P6 in solution (Table 3) is
much lower than the quantum yield of the Tb(PMIP);
complex. This is probably due to the significant con-
tribution of non-radiative losses in the case of poly-
meric materials due to the diffusion of triplet excited
states along the polymer chain and the triplet—triplet
annihilation [18, 19]. For low-molecular emitters such
a relaxation mechanism is much less probable.

The electroluminescent properties of the
synthesized terbium-containing copolymers were
investigated on the model three-layer OLED devices of
ITO/Tb-copolymer/BATH/Alqs;/Yb configuration, in
which a layer of indium oxide doped with tin oxide
(ITO) served as the anode. Emission layer consisted of

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No. 12 2012



1902
1000} ﬂ
2 800
1= S | E— P4
£ 600} -=-P5
< —P6
=
‘2 400
Q
|
200}

400 500 600
Wavelength, nm

Fig. 6. Electroluminescence spectra of LED of configure-
tion ITO/Tb-copolymer/BATH/Alq;/Yb at maximum
brightness.

a copolymer P4, P5, or P6. 4,7-Diphenyl-1,10-
phenanthroline (BATH) and aluminum tris(8-
hydroxyquinolate) (Alqs) were used as hole-blocking
and electron-transporting layers, respectively. The
ytter-bium metal layer served as the cathode. The elec-
troluminescent spectra of copolymers P4, PS5, and P6,
as well as the performance characteristics of the
OLED-devices based on them are presented in Figs. 6,
7 and Table 4.

As shows Fig. 6, the electroluminescent spectra of
the OLEDs with polymer emitters P4, PS5, or P6,
contain only the emission band related to the *Dy—'F,
(492 nm), *D4—"Fs (547 nm), *Dy—'F, (586 nm), and
*D4—F5 (621 nm) transitions of the Tb>" ion. The
emission chromaticity coordinates in the CIE (Com-
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Fig. 7. (a) The current—voltage and (b) current—brightness characteristics of the LEDs based on copolymers P4, P5, and P6.

ROZHKOV et al.

mision Internationale de 1'Eclairage) diagram (0.38;
0.58) correspond to yellow-green color and do not vary
with the voltage from 9 to 20.5 V. The emission of the
polymer matrix is not observed even at the highest
operating voltages, which indicates the effective
transfer of excitation energy by the Forster mechanism
from the carbazole fragments to the terbium ions.
Among the investigated copolymers, the best
electroluminescent properties have been found for the
P6 copolymer (Table 4). The comparison of current—
voltage and voltage—brightness curves in Fig. 7 shows
that the LED based on the copolymer P6 has a higher
conductivity and a higher brightness. It can be
assumed that the copolymer P6 synthesized from a
mixture of endo- and exo-isomers of the carbazole
containing monomer I has better charge-transport
properties in comparison with the copolymers P4 and
PS5, which provides its highest electroluminescent
efficiency. The maximum brightness (100 cd m™?), the
maximum current (2.03 cd A™") and power (0.51 Im W)
efficiency shown by the LED based on the copolymer
P6 are the best characteristics of the currently known
terbium-containing electroluminescent polymer mate-
rials [20].

Thus, we have synthesized new carbazole- and
terpyridine-containing norbornene derivatives and the
organic and terbium-containing copolymers based on
them. We found that all the compounds have
luminescent activity. The photoluminescent spectra of
the polymers not containing the metal present a
superposition of poorly resolved bands with a
maximum around 400 nm. The spectra of the polymers

(b)

100

Brightness, cd m ™
58 o o
(=] [=] (=]

]
o

0 5 10 15 20
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Table 4. The performance of the LEDs based on copolymers P4, P5, and P6

TERBIUM-CONTAINING COPOLYMERS

1903

Copolvmer Turn-on voltage. V@ Maximum brightness, Maximum current Maximum power
POty urn-on voiage, cd m™? efficiency, cd A™! efficiency, Im W'
P4 13.0 28(20.5) 0.17(20.5) 0.03 (20.5)
P5 12.0 29(18.5) 0.28(18.5) 0.05(18.5)
Po 9.0 100(19.5) 2.03(12.5) 0.51(12.5)

* Brightness > 1 cd m™.

containing terbium have intense emission bands in the
region of 470-620 nm, characteristic of the Tb> " ion.

The study of the electroluminescent properties of
the terbium-containing copolymers showed that they
possess exclusively the metal-centered luminescence.
Among the known synthetic polymeric materials the
terbium-containing copolymer P6 showed the
maximum electroluminescent efficiency.

EXPERIMENTAL

All operations with easily oxidized and hydrolyzed
substances were carried out in a vacuum or under
argon using standard Schlenk technique. 2,6-Di-2-
pyridyl-4(1H)-pyridone [21], (5-bicyclo[2.2.1]hept-5-
en-2-yl)carbonyl chloride as a mixture of endo- and
exo-isomers in 75:25 ratio [22], Tb(OBut); [23], 1-
phenyl-3-methyl-4-isobutyryl-5-pyrazolone (HPMIP)
[11], and (H,IMes)(3-Br-py),(Cl);Ru=CHPh (the
Grubbs catalyst of the III generation) [24, 25] were
synthesized according to published procedures.
Aluminum tris(8-hydroxyquinolate) and 4,7-diphenyl-
1,10-phenanthroline (BATH) (Aldrich) were used
without further purification.

The 'H and “C—{'H} NMR spectra were obtained
on spectrometers Bruker DPX-200 and Bruker Avance
I11-400 ("H NMR: 400 MHz, *C NMR: 50 MHz), the
assignment of signals was carried out using 2D-
gradient spectroscopy: proton—proton correlation (GE-
COSY) and proton—carbon correlation (GE-HSQC).
The chemical shifts are given in ppm relative to
internal tetramethylsilane.

The IR spectra were obtained on a FT-IR FSM
1201 spectrometer. Samples of the monomers Ia, Ib,
II, and Tb(PMIP); were prepared by compression of
tablets with the ratio of substance:KBr = 1:200.
Samples of the copolymers were prepared as thin films
between the plates of KBr.

Molecular weight distribution of polymers was
determined by gel permeation chromatography (GPC)

on a Knauer chromatograph with a differential
refractometer Smartline RID 2300 as a detector, using
a set of two Phenomenex columns with the Phenogel
sorbent of pore size 10* and 10° A (eluent THF,
2 ml min', 40°C). The columns were calibrated with
13 polystyrene standards.

The electron absorption spectra were recorded on a
Perkin Elmer Lambda 25 UV/VIS spectrometer. The
photoluminescence spectra were obtained on a Perkin
Elmer LS 55 fluorescence spectrometer. The relative
quantum yield of Tb(PMIP); and copolymers in
CH,Cl, solution was determined at room temperature
at the excitation wavelength 280 nm. The values of the
quantum yields were calculated relative to Rhodamine
6G in water (Of = 0.95) [26] as described in [27].

The thermogravimetric analysis (TGA) was
performed on a Perkin Elmer PYRIS 6 TGA
thermogravimeter under a flow of dry nitrogen (flow
rate 80 cm’® min "', heating rate 5°C min ). Differential
scanning calorimetry (DSC) was performed on a DSC
204 F1 Phoenix (Ntzsch) device in a flow of dry argon
(flow rate 20 cm’ min "', heating rate 5°C min ).

The electroluminescence spectra, the voltage—
current, voltage—brightness characteristics and color
coordinates CIE were obtained for the model OLED
devices without encapsulation, using an automatic
complex connected with a PC, which includes power
supply GW INSTEK PPE-3323, digital multimeter
GW INSTEK GDM-8246, and Ocean Optics USB
2000 spectrofluorimeter.

The single crystal samples of compounds Ia, Ib,
and II were obtained by crystallization from methanol.
The experimental set of intensities was measured on an
automatic diffractometer Bruker AXS SMART APEX
(graphite monochromator, MoK, radiation, p—m-scans,
L = 0.71073 A). The treatment of the reflections
intensities was performed using the SAINT program
[28]. The structure was solved by the direct method
using the SHELXTL software package [29] and

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 82 No. 12 2012
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refined by the full-matrix anisotropic approximation
with respect to F2,, for all non-hydrogen atoms. The
hydrogen atoms were placed in geometrically
calculated positions and refined in a rider model. The
SADABS program [30] was used to correct for the
extinction. In molecule II the norbornene fragment is
disordered over two positions. The main crystallo-
graphic characteristics and parameters of X-ray dif-
fraction experiment are listed in Table 5. The crystallo-
graphic information on the compounds is deposited in
the Cambridge Structural Database: CCDC 830 140
for compound Ia, CCDC 830 141 for Ib, and CCDC
830 139 for I

Bicyclo[2.2.1]hept-5-ene-2-yl(9H-carbazol-9-yl)-
methanone (I). A suspension of NaH (0.95 g,
39.58 mmol) in 30 ml of THF was added in small
portions to a solution of carbazole (4.50 g, 26.91
mmol) in 50 ml of THF at 0°C. The mixture was
stirred for 3 h at room temperature and filtered. A
solution of sodium carbazole was added dropwise at 0°C
to a solution of 5-norbornenylcarbonyl chloride (4.1 g,
26.17 mmol) in 50 ml of THF, and the mixture was
stirred for 4 h at room temperature. The NaCl
precipitate formed was filtered off, the solvent was
removed from the reaction solution by evaporation in a
vacuum. The solid residue, according to the data of
NMR spectroscopy, is a 75:25 mixture of endo- and
exo-isomers of compound I. For the separation of
isomers the product was dissolved in 40 ml of hexane
and kept at 10°C for 6 h. The resulting crystalline
precipitate was separated and recrystallized from
methanol. We obtained 4.3 g (57%) of endo-isomer Ia,
mp 92°C (DSC). The mother hexane solution was kept
for 24 h at —16°C. The resulting colorless precipitate
was recrystallized from methanol. We obtained 0.55 g
(7%) of exo-isomer Ib, mp 73°C (DSC). When 1.5-
fold excess of sodium carbazolyl was used in the
reaction and the products were isolated as described
above, the exo-isomer Ib was obtained in 60% yield.

ROZHKOV et al.

Isomer Ia (endo): IR spectrum (v, cm'): 3127 m
(= CH), 3062 W (Carom—H), 2981 m 2962 m 2937 m
2861 m (CH), 1694 with (C = 0), 1597 w, 1490 m
1477 m 1443 v.s, 1367 s, 1337 m 1325 m 1309 w,
1276 v.s, 1260 s (Carom—Caroms Carom—N, CH), 1155 v.s
(NC=0), 841 w, 826 w, 813 w (CC), 756 v.s, 717 s
(Carom—H). "H NMR spectrum (CDCLy), 6, ppm (J, Hz):
8.22 d (2H, H" and H'®, J = 8.4), 8.02 d (2H, H'’ and
H"Y, J=7.6),7.48 t 2H, H'"" and H"®, J = 7.3), 7.39 t
(2H, H"? and H", J = 7.5), 6.36 m (2H, H® and H?),
3.30 br.s (1H, H’), 3.28 m (1H, H®), 3.09 br.s (1H, H?),
232ddd(H H', % =11.7,J=8.1,J=13.8),193d
(1H,H’, J=8.8), 1.66 m (1H,H"), 1.53 d (1H, H’, J =
8.5) The *C DEPT NMR spectrum (CDCl;), &, ppm:
175.0 (C*), 138.6 (C° and C*), 138.2 (C), 131.8 (C%),
127.2 (C"™ and C'), 126.3 (C'* and C"), 123.3 (C"*
and C'7), 119.8 (C"* and C'%), 116.3 (C'* and C"), 50.0
(C"), 46.4 (C®), 46.2 (C°), 40.0 (C?), 30.9 (C"). Found,
%: C 83.58; H6.12; N 4.79. C,0H7NO. Calculated, %:
C 83.60; H 5.96; N 4.87.

Isomer Ib (exo): IR spectrum (v, cm'): 3127 m
(= CH), 3050 W (Carom—H), 2974 m 2950 m 2872 m
(CH), 1683 with (C = 0), 1596 w, 1488 w, 1478 m,
1452 s, 1444 s, 1361 s, 1343 m, 1331 in, 1309 w, 1276
v.8, 1261 s (Carom—Carom, C =N, CH), 1161 s (NC = O),
852 w, 826 w, 813 w (CC), with 775, 721 s (Caron—H).
'"H NMR spectrum (CDCly), 6, ppm (J, Hz): 8.22 d
(2H, H” u H'®, /= 8.4), 8.02 d 2H, H'" u H"”, J =
7.6), 7.48 t 2H, H'' and H'"®, J=7.3), 7.39 t 2H, H"
and H", J = 7.5), 6.36 m (2H, H® and H*), 3.30 br.s
(1H, H°), 3.28 m (1H, H®), 3.09 br.s (1H, H?), 2.32
ddd (1H,H, 2/=11.7,J=28.1,J=3.8), 1.93 d (1H,
H’, J = 8.8), 1.66 m (1H, H"), 1.53 d (1H, H’, J =
8.5).The NMR spectrum of 13C DEPT (CDCI3), 9,
ppm: 76.3 (C%), 139.7 (C*), 138.7 (C° and C*), 134.5
(CY, 127.2 (C" and C'), 126.4 (C'* and C") , 123.4
(C"?and C'), 119.8 (C" and C'°), 116.4 (C'® and C"),
47.4 (C), 46.5 (C"), 46.3 (C°), 42.1 (CP), 31.7 (C1).
Found, %: C, 83.95; H, 6.05; N, 4.61. CyH;;NO.
Calculated, %: C, 83.60; H, 5.96; N, 4.87.

2,6-Bis(pyridin-2-yl)pyridin-4-ylbicyclo[2.2.1]-
hept-5-ene-2-carboxylate (II). A solution of 5-
norbornenylcarbonyl chloride (0.35 g, 2.23 mmol) in
5 ml of THF was added to a solution of 2,6-di-2-
pyridyl-4(1H)-pyridone (0.30 g, 1.20 mmol) and
triethylamine (0.20 g, 1.97 mmol ) in 15 ml of THF.
The mixture was stirred for 6 h at room temperature
and filtered. The solvent was removed by evaporation
in vacuo, the residue was recrystallized from methanol
to yield 0.38 g (86%) of compound II as air-stable
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Table 5. The main crystallographic data, parameters of X-ray diffraction experiment and refinement for compounds Ia, Ib,

and II
Parameter Ia Ib 11
Empirical formula C,y0H7NO C,0H;7NO Cy3H9N30,
Molecular mass 287.36 287.36 369.41
Temperature, K 150(2) 100(2) 100(2)
Crystal size, mm 0.32x0.32x0.18 0.25x0.21x0.14 0.38x0.34x0.25
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2(1)/n P2(1)/n P2(1)/c
a, A 10.8361(11) 5.5435(3) 12.4910(17)
b, A 13.7674(14) 17.2623(10) 20.509(3)
c, A 19.315(2) 14.7951(8) 7.1170(10)
B, deg 94.835(2) 92.2780(10) 101.407(3)
v, A’ 2871.2(5) 1414.68(14) 1787.2(4)
VA 8 4 4
deaie, g M 1.329 1.349 1373
u, mm ' 0.082 0.083 0.090
F(000) 1216 608 776
Measuring range of 0, deg 1.82-26.00 2.36-26.00 1.99-26.00
Range of indices -13<h<8 -6<h<6 -15<h<15
-16<k<16 —20<k<21 —25<k<25
—21<17<23 -18<I<15 —8<I<8
Number of measured reflections 16424 8414 15180
The number of independent reflections 5609 2764 3478
Rint 0.0437 0.0481 0.0239
Quality factor (F%) 1.011 1.038 1.026
Ri/WR, [I>20(1)] 0.0737/0.2011 0.0582/0.1291 0.0498/0.1299
R\/WR; (all reflections) 0.1113/0.2240 0.0922/0.1417 0.0572/0.1353

colorless crystalline solid, mp 143°C (DSC). IR
spectrum (v, cm'): 3098 m (= CH), 3066 w, 3013 w
(Carom—H), 2981 w, 2958 m, 2939 w, 2863 w (CH),
1758 with (C=0) , 1583 s, 1564 s, 1470 s, 1444 m,
1405 s, 1348 m 1335 m (Cyrom—Carom, C = N, CH), 880
w, 829 w (CC), 799 s, 741 m 731 m (Cyom—H). Found,
%: C, 7819, H, 539, N, 11.90. C23H19N302.
Calculated, %: C, 78.16; H, 5.42; N, 11.89.

NMR studies showed that product II is a mixture of
endo- and exo-isomers in a ratio of 75:25.

The endo-isomer (75%). 'H NMR spectrum
(CDCly), 8, ppm (J, Hz): 8.68 d (2H, H'®, H?), 8.60 d
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(2H, H'2, H"), 8.19 s (2H, H'®, H'®), 7.85 m (2H, H",
H*), 7.33 m (2H, H", H*), 6.28 d.d (1H, H, J = 3.0,
J=5.5),6.15d.d (1H, H*, J=2.7, J=5.5), 3.42 br.s
(1H, H’), 3.25 m (1H, H®), 3.00 m (1H, H?), 2.05 and
1.58, two m (1H each, H', H"), 1.54 and 1.39 two d
(1H each, H and H", 2/ = 8.4). *C NMR spectrum
(CDCly), &, ppm: 172.2 (C®), 160.1 (C%), 157.7 (C",
C?), 155.6 (C', C'), 149.3 (C", C?), 1384 (C),
137.0 (C", C*), 132.4 (C4), 124.2 (C", C*"), 121.4
(C'%, C"Y), 114.4 (C'°, C'%), 49.9 (C"), 46.0 (C°), 44.0
(C®), 42.8 (C?), 29.6 (C").

The exo-isomer (25%): 'H NMR spectrum
(CDCly), 8, ppm (J, Hz): 8.68 d (2H, H"”, H*), 8.62 d
(2H, H'2, H"), 8.24 ¢ (2H, H'’, H'®), 7.85 m (2H, H",
H*), 7.33 m (2H, H", H*), 6.22 m (1H, H*), 6.20 m
(1H, H%), 3.25 m (1H, H?), 3.00 m (1H, H’), 2.53 d. d
(1H, H6), 2.12 and 1.52 two m (1H each, H' and HI’),
1.64 and 1.47 two m (1H each, H and H"). *C NMR
spectrum (CDCl;), &, ppm: 172.2 (C*), 160.1 (C),
157.7 (C", C»), 155.6 (C", C"), 149.3 (C", C»),
138.6 (C%), 137.0 (C", C*), 135.8 (C*), 124.2 (C",
C*), 121.4 (C2, CY), 114.5 (C'°, C'%), 47.0 (C?), 46.6
(C"), 43.6 (C°), 41.9 (C), 30.7 (C").

Th(PMIP);. A mixture of Tb(OBu'); (0.50 g, 1.32
mmol) and 1-phenyl-3-methyl-4-isobutyryl-5-pyra-
zolone (0.96 g, 3.96 mmol) in 10 ml of THF was
stirred at 60°C for 5 h. After removing the solvent and
volatile products, the residue was heated in a vacuum
at 100°C for 6 h. We obtained 1.5 g (90%) of the
complex Tb(PMIP); as a colorless solid. IR spectrum
(v, cmﬁl): 3073 w, 3059 w, 3049 w (Cuom—H), 2967 s,
2929 m, 2870 w (CH), 1616 v.s, 1613 v.s (C=0), 1594
v.s, 1582 v.s, 1533 s, 1492 v.s (Cyom—Cuarom), 1456 s
(Carom—Carom, CH), 1437 s, 1401 m, 1372 s, 1319 w
(CH), 988 s, 929 w, 907 w, 880 w, 834 m, 786 m, 756
s, 739 m (CH). Found, %: C, 57.02; H, 5.14; Tb,
17.56. C4HusNgOgTb. Calculated, %: C, 56.76; H,
5.10; Tb, 17.88.

Synthesis of copolymers P1-P6. To a solution of
monomer Ia (0.17 g, 0.59 mmol) and monomer II
(0.04 g, 0.12 mmol) in 8 ml of CH,Cl, was added the
Grubbs catalyst (0.0021 g, 0.002 mmol) in 1 ml of
CH,Cl,. The mixture was stirred at room temperature.
The polymerization process was monitored by thin
layer chromatography (TLC). After completion of the
reaction (3 h), to the reaction mixture a few drops of
ethyl vinyl ether were added for the decomposition of
the catalyst, and the reaction mixture was stirred
additionally for 30 min. The resulting copolymer was
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precipitated with methanol, purified further by reprecipita-
tion with methanol from CH,Cl,, and dried in a vacuum
at room temperature to a constant weight. We obtained
0.19 g (91%) of the copolymer P1 as a colorless solid.
IR spectrum (v, cm'): 3124 m (= CH), 3062 m, 2948
s, 2868 m (Cyom—H), 1760 s (C=0), 1693 v.s (C=0),
1583 m 1567 m 1478 s, 1444 s (Cuom—Carom, C=N,
CH), 795 m, 754 s, 723 s, 703 W (Cyrom—H). '"H NMR
spectrum (CDCly), 6, ppm: 8.54 m (4H, arom.), 8.00 m
(20H, arom.), 7.24 m (26H, arom.), 5.24 m (12H), 4.12
in (1H) , 3.66 m (3H), 2.90 m (9H), 0.51-2.4 m (29H).
FOUIld, %: C, 8172, H 568, N, 6.13. C123H104N307.
Calculated, %: C, 81.78; H5.76; N 6.21.

The copolymerization of monomer Ib (0.17 g,
0.59 mmol) with monomer II (0.04 g, 0.12 mmol) was
carried out similarly. The reaction duration was 2 h at
room temperature. We obtained 0.20 g (95%) of
copolymer P2 as a colorless solid. IR spectrum (v, cm™):
3126 w (=CH), 3057 m, 2960 s, 2855 m (C,on—H),
1757 s C=0), 1686 v.s (C=0), 1597 w, 1581 w, 1566,
m 1490 m 1478 m 1468 w, 1443 s (Carom—Carom» C=N,
CH), 796 s, 755 s, 723 s, 703 W (Carom—H). 'H NMR
spectrum (CDCly), 6, ppm: 8.60 m (2H, arom.), 8.04 m
(20 H, arom.), 7.27 m (28H, arom.), 5.34 m (12H),
4.15 s (2H), 3.67 m (4H), 2.93 m (9H), 2.12 m (13H),
1.64 m (6H), 0.58-1.47 m (8H). Found, %: C 82.17; H
5.77; N 6.15. C;23H;0sNgO. Calculated, %: C 81.78; H
5.76; N 6.21.

Copolymerization of monomer I as a mixture of
75% of the endo-isomer Ia (0.13 g, 0.45 mmol) and
25% of the exo-isomer Ib (0.04 g, 0.15 mmol) with
monomer II (0.04 g, 0.12 mmol) was carried out as
described above. The copolymerization duration was
2.5 h. We obtained 0.20 g (95%) of copolymer P3 as a
colorless solid. IR spectrum (v, cm '): 3128 w (=CH),
3059 m, 2950 s, 2853 m (Cyon—H), 1758 m (C=0),
1687 v.s (C = 0), 1597 w, 1581 m 1566 m 1488 m
1477 m 1468 w, 1443 w (Carom—Carom, C = N, CH), 794
m, 755 v.s, 723 s, 703 w (Cyarom—H). '"H NMR spectrum
(CDCl), 9, ppm: 8.59 m (4H, arom.), 7.95 m (22H,
arom.), 7.21 m (24H, arom.), 5.30 m (12H), 3.3 m
(15H), 1.95 m (19H), 0.66—1.43 m (8H). Found, %: C
8203, H 571, N 6.06. C123H104N807. Calculated, %: C
81.78; H5.76; N 6.21.

Synthesis of the terbium-containing copolymer
P4. To a solution of the copolymer P1 (0.19 g,
0.11 mmol) in 5 ml of CH,Cl, was added a solution of
Tb(PMIP); (0.09 g, 0.11 mmol) in 3 ml of CH,Cl,. The
mixture was stirred at room temperature. According to
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TLC analysis, the interaction between the reagents
completed in 6 h. After removing of the solvent, the
residue was heated in a vacuum at 120°C for 4 h. We
obtained 0.27 g (97%) of copolymer P4 as a pale pink
solid. IR spectrum (v, cm'): 3124 m (=CH), 3059 m,
2961 s, 2927 s, 2868 m (Cyom—H), 1763 m (C=0),
1689 s (C=0), 1619 v.s (C=0), 1595 s, 1528 w, 1499
s, 1492 s, 1478 s, 1451 s, 1443 s (Cuom—Carom>» C=N,
CH), 787 w, 755, 724 s (Cyom—H). Found, %: C 73.48;
H 548, N 751, Tb 5.83. Ci45H149N14045Th.
Calculated, %: C 73.52, H 5.53, N 7.28, Tb 5.90.

The copolymers P5 and P6 were synthesized
similarly. The yield of copolymer P5 0.26 g (93%). IR
spectrum (v, cm '): 3058 m 2964 m 2930 m 2868 m
(Carom—H), 1765 m (C=0), 1691 s (C = O), 1621 s
(C=0), 1595 s, 1535 w, 1497 s, 1478 s, 1444 s (Cyrom—
Carom» C=N, CH), 786 w, 755 m, 737 m, 724 m (Crom—
H). Found, %: C, 73.48, H 5.48, N 7.51, Tb 5.83.
C165H149N14013Tb. Calculated, %: C 7352, H, 553, N
7.28, Tb 5.90.

The yield of copolymer P6 was 0.27 g (96%). IR
spectrum (v, cm'): 3061 m 2964 m 2928 w, 2867 m
(Carom—H), 1766 m (C = 0O), 1686 s (C=0), 1621 v.s
(C=0), 1595 s, 1535 w, 1489 s, 1478 s, 1444 s (Cyrom—
Carom» C=N, CH), 786 w, 755 m, 737 m, 724 m (Cyrom—
H). Found, %: C 73.40, H 5.44, N 7.20, Tb 5.81.
C165H149N14O13Tb. Calculated, %: C 7352, H, 553, N,
7.28, Tb, 5.90.

Fabrication of the OLED devices. As a supporting
basis for the OLED devices with the configuration
ITO/Tb-copolymer (50 nm)/BATH (30 nm)/Algs
(30 nm)/Yb (150 nm) was used a glass plate coated
with a layer of ITO (120 nm, 15 Q cm %) (Lum Tec) as
the anode. The copolymer emission layer was
deposited from a solution in CH,Cl, (10 mg ml™") in a
centrifuge Spincoat G3-8 (3000 rpm, 30 sec) and dried
in a vacuum at 70°C for 3 h. The layer thickness was
measured using a META-900 ellipsometer. The hole-
blocking layer BATH, the electron-transporting layer
Alqg;, and the Yb layer (Aldrich), which acted as
cathode, were deposited by evaporation in a vacuum
(10° Torr) from the separate thermoresistor eva-
porators. Thickness of the layers was monitored with a
calibrated quartz resonator. The active area of the
device is a circle with a diameter of 5 mm.
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