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ABSTRACT: The synthesis and the characterization of a new class of segmented polyethers (PO)
containing the oxadiazole unit are reported. Because of the anisotropic shape of oxadiazole-conjugated
segment, the copolymers of the series show the monotropic nematic phase to be somewhat different from
that observed in the case of the low molecular mass analogous compounds. In that case, high ordered
liquid crystalline smectic phases are reported while the nematic phase is observed just in few cases.
According to previous reports on oxadiazole-containing materials, PO show high photoluminescence
activity in the blue region of the visible spectra. The good solubility in chlorinate solvents allows the
preparation of films with homogeneous thickness by spin coating. A glass transition temperature in the
range 100—120 °C ensures good stability of film morphology at room temperature. For these features,

polymers PO are potential candidate materials for fabricating blue-light-emitting devices.

1. Introduction

In the last few years, new polymeric materials have
been synthesized and investigated for applications in
the field of organic light-emitting devices (OLEDs).1 73!
For fabricating a LED, it is usually required to have
the presence of very thin layers of both hole-transport-
ing and electron-transporting molecules. The two layers
are confined between a hole-injection electrode and a
low work function electron-injection metal contact,
respectively. Photoemission is induced by the reciprocal
combination of holes and electrons at the interface,
under the action of a suitable potential difference.

Polymers may be easily processed to thin stable films
by the spin-coating technique, which results in a fast
and versatile fabrication of devices. Moreover, chemical
architecture can be set up in order to promote the
specific required morphology of samples, when coupled
with a suitable thermal treatment. For applications in
the field of OLEDSs, special polymeric materials can be
synthesized by inserting along or attaching side to the
chain short conjugated frames with electroluminescent
properties.

We have recently shown that new oxadiazole-contain-
ing low molecular mass compounds are blue-photo-
lumiscent materials,32 in agreement with that reported
by several authors for similar molecules.®24-31 We
observed that the anisotropic shape of the conjugated
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unit promotes the appearing of high ordered smectic
phases and, only in a few cases, of the nematic phase.
The liquid crystalline (LC) order is particularly interest-
ing when optical active systems are required to be
anisotropic at the macroscopic level.

In this paper, we report on the synthesis and the
characterization of a new class of LC photoluminescent
segmented polymers having the formula PO(m,a).

The insertion of the flexible aliphatic segments along
and side attached to the chain moderates melting
temperature and promotes solubility in organic solvents
and the appearing of the nematic phase. The photo-
luminescence properties of polymers are also discussed.

2. Experimental Section

2.1. Materials. All reagents and solvents were purchased
from Aldrich and Carlo Erba. N,N-Dimethylacetamide (DMAC)
and N,N-dimethylformamide (DMF) were refluxed on calcium
hydride, distilled in a vacuum, and stored on 4 A molecular
sieves. Other reagents were used without further purification.
According to Scheme 1, 4,4'-dicarboxy-1,n-diphenoxyalkane
dimethylester (2) and n-alkoxyterephthalic acid (1), with its
chlorinated derivative (3), were synthesized according to a
procedure previously reported.3233

4.,4'-Dicarboxy-1,n-diphenoxyalkane Dihydrazides (4).
4,4'-Dicarboxy-1,n-diphenoxyalkane dimethylester 2 was pre-
pared according to the procedure described in ref 33. Com-
pound 4 was synthesized from compound 2 reacting with an
excess of hydrazine monohydrate in ethanol solution. The
procedure was the following: approximately 15 g of 2 was
stirred in boiling hydrazine monohydrate (160 mL) with
absolute ethanol (280 mL) for 4 h. At the end, the reaction
system was cooled, and the white crystalline dihydrazide 4
precipitated from the reaction solution. The solid was recov-
ered by filtration, repeatedly washed with cold ethanol, and
dried under vacuum at 60 °C. Final yields ranged between
80 and 90%. For 4,4'-dicarboxy-1,6-diphenoxyalkane dihy-
drazide: Tsolid—solid =172.7 °C, AHsoIid—solid =11.8 J/g; Tm =192.0
°C, AHn = 215.7 J/g. For 4,4'-dicarboxy-1,12-diphenoxyalkane
dihydrazide: Ty = 214.0 °C, AHy, = 179.4 J/g.
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Polymer Synthesis (See Scheme 1). Step 1: To a
suspension of 4,4'-dicarboxy-1,n-diphenoxyalkane dihydrazide
(4) (5.00 x 1073 mol) in dry DMAc (50 mL) at room tempera-
ture, the stoichiometric amount of the appropriate n-alkoxy-
terephthalic dichloride (3) was added and the reaction was
allowed to take place overnight under stirring. The reaction
mixture was then poured into cold water and the resulting
solid product was filtered and washed twice with water. The
resulting polyazide P1 was collected with a final yield of 58—

PI(8,0.5)

N
Iy

Figure 1. 'H NMR spectra of PI1(8,0.5) and PO(8,0.5)
dissolved in deuterated chloroform and trifluoroacetic acid.

m=5,8

a=0,05,1

60%, purified by dissolving in boiling DMAc (30 mL) and DMF
(20 mL) and subsequent precipitation with water. The final
product was used in the subsequent intramolecular cyclization
reaction. The proton resonance data are in agreement with
the expected values. For example, PI1(8,0.5) (CDCIs/CFs3-
COOD): ¢ (ppm) = 8.33 (d, 1H), 7.88 (d, 4H), 7.68 (s, 1H),
7.62 (d, 1H), 7.08 (d, 4H), 4.38 (t, 2H), 4.15 (m, 4H), 2.07 (m,
2H), 1.90 (m, 4H), 1.63—1.37 (m, 20H), 0.88 (t, 3H) (see Figure
1 for details).
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Figure 2. IR spectra of powder samples of P1(8,0.5) and PO-
(8,0.5).

Scheme 1. Two-Step Synthesis of PO Polymers
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Table 1. Thermodynamic Data of Virgin Samples of PI(m,a)2

Pl(m,a) Tg (DC) Tm (OC) AHm (J/g) Tan (oc) AHan (J/g) Tiso (OC) AHiso (J/g) Td (oC) Ninh (dL/g)
PI(5,1) 123.5 231.0 —54 235.0 4.4 338.0 0.86
PI1(5,0) 105.5 167.0 —4.4 175.4 4.3 343.9 1.00
PI1(5,0.5) 120.1 197.3 —4.6 206.0 3.8 331.1 0.75
P1(8,1) 115.8 216.6 —5.6 218.3 4.9 317.2 0.51
P1(8,0) 104.5 202.3 23.7 167.3 —-3.2 174.0 2.5 341.7 0.63
P1(8,0.5) 113.7 195.6 —-3.7 200.4 3.0 343.6 0.65

aTy = temperature of glass transition; Tm/AHn = melting temperature/enthalpy, second heating run; Tan/AHan = anisotropization
temperature/enthalpy, second cooling run; Tiso/AHis, = isotropization temperature/enthalpy; Tq = 5% weight loss temperature; 7inn =

inherent viscosities measured at 25.0 °C in 0.5 g/dL DMF.

Table 2. Thermodynamic Data of Virgin Samples of PO(m,a)d

PO(m,a) T4(°C) Tm (°C) AHm (J/9) T.(°C) AH. (J/g) Tiso (°C) AHis, (3/9) Tq(°C) Ninn® (dL/g)
235.0 223.0
PO(5,1) 124.5 24.52 210.6 —24.22 365.9 0.35
224.0 198.3
173.7
PO(5,0) 96.9 211.4 27.6 —25.72 362.5 0.49
164.6
PO(5,0.5) 97.3 168.0/156.0° —5.3v 178.0° 6.2° 357.4 0.17
210.0 203.3° —3.35° 206.4° 3.20
PO(8,1) 116.2 20.22 375.0 0.33
218.2 178.6 —145
170.3
PO(8,0) 105.5 200.0 32.5 —27.52 394.6 0.12
165.5
191.3° —4.9b 194.7° 5.7°
PO(8,0.5) 101.1 195.7 15.3 380.8 0.39
136.3 —3.6

a Transition enthalpy, referring to the unresolved set of peaks. ° Italicized data refer to the reversible nematic-to-isotropic liquid transition.
¢ Inherent viscosities were measured at 25.0 °C in 0.5 g/dL chloroform + 5% trifluoroacetic acid solutions, except for the less soluble
PO(5,1), which was dissolved in 0.5 g/dL chloroform + 50% trifluoroacetic acid. ¢ T4 = temperature of glass transition; Tm/AHm = melting
temperature/enthalpy, second heating run; TJ/AH: = exothermic transition temperature/enthalpy, second cooling run; Tiso/AHiso =
isotropization temperature/enthalpy, when resolved; T4 = 5% weight loss temperature.

) it [ i P N B0
Figure 3. Nematic optical texture of P1(8,0.5) taken at 195
°C in the cooling run. Crossed polarizers; 20x magnification.

Step 2: The freshly synthesized polyazide PI (1.0 g) was
poured into 40 mL of phosphorus oxychloride (POCIls); after 1
h the solution became clear, and the reaction was conducted
at the refluxing temperature for 5 h more. The clear solution
was cooled and dropped into water (500 mL), to which was
added crushed ice and potassium hydrogen carbonate. The
precipitate PO was filtered and washed with water, dried, and
purified by recrystallization from boiling DMAc. The yield is
approximately 65%. The proton resonance data are in agree-
ment with the expected values. For example, PO(8,0.5)
(CDCI3/CF;COOD): 6 (ppm) = 8.35 (d, 1H), 8.16 (d, 4H), 7.96
(m, 2H), 7.19 (d, 4H), 4.46 (t, 2H), 4.18 (m, 4H), 1.95 (m, 6H),
1.65—1.29 (m, 20H), 0.87 (t, 3H) (see Figure 1 for details).

2.2. Characterization. Fibers were extruded from the
isotropic phase and cooled to room temperature. The averaged
diameter of fibers was 200—300 um.

Figure 4. X-ray diffraction pattern recorded at room tem-
perature on a fiber sample of P1(8,0.5). The pattern corre-
sponds to a cybotactic nematic phase.

Thermal measurements were performed by a DSC-7 Perkin-
Elmer calorimeter under nitrogen flow at 10 °C/min rate.

Thermogravimetric analysis was performed with a TA
Instruments SDT 2960 apparatus, in air at 20 °C/min.

Polarized optical microscopy was performed by a Jenapol
microscope fitted with a Linkam THMS 600 hot stage.

An M2000 FTIR spectrometer (by Midac Co.) was adopted
to collect IR spectra.

X-ray diffraction spectra were recorded using a flat camera
with a sample-to-film distance of 90.0 mm (Ni-filtered Cu Ko
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Figure 5. DSC traces of P1(8,0.5) powder sample: (a) second
heating showing the isotropization transition; (b) first cooling
showing the anisotropization transition.
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Figure 6. DSC traces of PO(8,0.5) powder sample: (a) first
heating showing the melting transition; (b) first cooling
showing the isotropic liquid-to-nematic transition, followed by
the nematic-to-mesophase transition; (c) second heating show-
ing the melting transition; (d, e) cooling run (d) and subsequent
fast heating run (e) for isolating the monotropic nematic-to-
isotropic liquid transition.

Heat flow [a.u.]

radiation). The Fujifilm MS 2025 imaging plate and a Fuji
Bioimaging analyzer system, model BAS-1800, were used for
recording and digitizing the diffraction patterns.

IH NMR spectra were recorded with a Bruker DRX/400
spectrometer. Chemical shifts are reported relative to the
residual solvent peak.

Inherent viscosities were measured at 25.0 °C with an
Ubbelohde viscometer. Viscosities of PO were performed in
0.5 g/dL chloroform + 5% trifluoroacetic acid solutions. Vis-
cosities of Pl were measured in DMF solution.

Films of about 70 um (evaluated by a KLA-TENCOR P10
surface profiler) have been prepared by spin coating (SET
Spinner TP6000 at 1000 rpm rate) from a solution of 3%
weight of PO in 1,1,2,2-tetrachloroethane and few drops of
trifluoroacetic acid. Films were then dried at 100 °C on a hot
plate for 30 min. Under this condition, transparent and
amorphous films are obtained.

UV—visible absorption measurements were performed with
a Hamamatsu deuterium lamp L2D2 and an Osram HLX
Xenophot lamp equipped with two monochromators (a Jobin-
Yvon SPEX 1681 monochromator, model 1681B, with a resolu-
tion of 0.25 nm, for the incident beam and a Jobin-Yvon ISA
TRIAX 320 monochromator, with a resolution of 0.06 nm, for
the transmitted beam, respectively). Data were recorded by
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Figure 7. Nematic optical texture of PO(8,0.5) taken at 190
°C in the cooling run. Crossed polarizers; 20x magnification.

Figure 8. X-ray diffraction pattern of a fiber sample of PO-
(8,0.5), taken at room temperature. The pattern corresponds
to the quenched nematic phase.

means of a CCD camera, model MTECCD1024x128—6 (1024
x 128 pixels by 26 um; spectral range of 200—1000 nm).

Photoluminescence spectra were obtained by means of a
Perkin-Elmer LS50 spectrofluorometer on thin films spin
coated on quartz glasses (resolution 2.5 nm).

Measurements of polarization dependence on polymer fibers
have been performed using, for the excitation, an RLT370-10
highly directional GaN light emitting diode (optical output
power of 1 mW; emitting wavelength at 370 nm). For the
detection a Spindler and Hoyer polarizer, an UDT-PIN10
silicon photodiode, and a Stanford Research type “SR510” lock-
in-amplifier were used.

3. Results and Discussion

3.1. Synthesis. The two-steps synthetic path given
in Scheme 1 ensures high molecular weights and good
quality of final products. This is the consequence of the
good solubility of both Pl and PO in POCI3;, which
avoids the segregation, by precipitation, of the unreacted
azide segments along the chain. Consequently, the
cyclization is complete according to the 1H NMR spectra
(Figure 1) and the disappearing of the characteristic
signals of N—H bond (hydrogen bond) in the IR spectra
(Figure 2). The single-step procedure based on the direct
reaction between the dihydrazide compound 4 and the
acid compound 1 in POCI3; was tried, but only oligomeric
products were obtained. Moreover the acid compound
1 is low soluble in POCI3 thus the cyclization process
is only partial. In the thermogravimetric PI trace, a
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Figure 9. UV-—visible absorption and emission spectra of a
thin film sample of PO(8,0.5). Emission spectra were recoded
by irradiating the sample at 340 nm.

shoulder is observed starting at a temperature of about
290 °C, which corresponds to the loss of water related
to the cyclization process (Table 1). PO are stable at
temperature lower than about 300 °C, while a degrada-
tion process occurs at about 320—350 °C, related to
thermal decomposition of the less stable aliphatic seg-
ments (Table 2).

3.2. Phase Behavior. Thermodynamic properties of
Pl and PO polymers are given in Tables 1 and 2,
respectively. Hereinafter P1(8,0.5) and PO(8,0.5) are
taken as representative terms of the two series.

P1 are liquid crystalline nematic polymers, according
to the optical texture shown in Figure 3 and the fluid
nature of the anisotropic phase. The X-ray diffraction
pattern of a fiber sample of P1(8,0.5) recorded at room
temperature shows a strong out-meridian reflection at

Signal [a.u.]
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low angle (Figure 4). This reflection, associated with the
absence of higher order spots, corresponds to the lay-
erlike packing of chains in a nematic—cybotactic struc-
ture (d-spacing of 34 A). The broad halo at high angle
corrzsponds to the chain—chain distance (d-spacing of
4.4 A).

When virgin samples of PI1(8,0.5) are heated on
isotropization, the subsequent cooling and heating
traces show only the sharp peak corresponding to the
isotropization and to the anisotropization (Figure 5),
respectively.

Also PO show the nematic phase, but in a monotropic
way. According to Table 2, the isotropization transition
can be isolated only in the case of PO(8,1) and copoly-
mers PO(5,0.5), PO(8,0.5). The flat shape of the
conjugated bis(oxadiazole) segment, inserted along the
macromolecular chain, promotes the intermolecular
packing and, consequently, stabilizes the crystalline
phase respect to the nematic phase. In the case of
copolymers, the statistical insertion of flexible segments
along the chain destabilizes the crystalline order and
the nematic phase can be reversibly observed (see
Figures 6 and 7).

In a previous paper some of us reported on a class of
fully conjugated polymers analogous to PO and having
the formula3*

,(CH,) .7 CH,
o

*
(0] *
i
N

\
N -
R(m)

R(m) do not melt and do not show any liquid crystal-
line phase. In the case of PO the nematic phase is
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O X-ray Data
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Figure 10. (a) Photoluminescence of PO(8,0.5) fiber sample irradiated at 370 nm in the dark. (b) Comparison between the
polarized photoluminescence and the polarized X-ray equatorial spot, taken from the pattern shown in Figure 8.
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promoted by the combined effects of both the flexible
segments inserted along the chain and side ones at-
tached to the chain. In this case, polymers can be
extruded from the melt and highly orientated fiber
samples can be easily prepared especially in the case of
copolymers, taking advantage of the nematic nature of
the molten phase (see Figure 8).

3.3. Optical Properties and Photoluminescence.
As already pointed out, the use of the oxadiazole frame
in the synthesis of new materials, suitable for the
fabrication of OLED, has been widely investigated. The
main reason is the possibility to extend the electron-
transport character of this molecular frame to new
materials and to set emission in the blue region of the
visible spectra.

Polymers PO are quite transparent in the visible
range and strongly absorb in the UV range as shown
in Figure 9. There are two strong and broad absorption
bands peaked at about 340 and 250 nm, which obviously
depends only on the oxadiazole moiety and is indepen-
dent of the aliphatic insertions.

When film samples are exposed to UV radiation, PO
show a strong photoluminescence in the blue region of
the spectrum. When a sample is irradiated at 340 nm,
the emission spectrum shows a broad peak located at
about 430 nm with a shoulder at about 460 nm (Figure
9), similar to that reported for analogous oxadiazole-
containing compounds.

PO copolymers can be easily extruded to give oriented
fiber samples due to the nematic nature of the material.
The consequence is the parallel packing of chains in a
macrodomain. The reciprocal alignment of the oxadia-
zole units in a macroscopic array influences the response
to the UV irradiation in the two directions parallel and
perpendicular to the fiber axis, respectively. As a
consequence, polymers give in emission a polarized
photoluminescence (see Figure 10) with the same period
of the X-ray diffraction. Compared to the polarization
of the nematic halo in the diffraction pattern shown in
Figure 8, photoluminescence profile is broader as con-
sequence of the scatter due to sample anisotropy.

4. Conclusions

According to our previous contribution about low
molecular mass compounds containing oxadiazole unit3?
and to several reports on similar systems,1°24-31 PO are
blue photoluminescent materials. Taking advantage of
the nematic phase, PO can be easily oriented to make
fiber samples from the molten state. Oriented samples
emit polarized photoluminescence.

Thanks to the flexible spacers along the chain and
the side pendant segments, PO are soluble in common
chlorinate solvents. Thin films obtained by spinning
technique show strong emission in the blue region of
the visible spectra.

All these features make PO suitable to be used as
active material in the fabrication of blue-emitting
OLED. The study of electronic properties of PO and the
realization of an electroluminescent device using PO as
the electron transport component are under scrutiny.
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