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ABSTRACT: Several series of light-emitting oligo(p-phenylene-vinylene)s (BIII and BV

series containing three- and five-conjugated phenylene rings) with various side groups
and end groups attached to the cores were synthesized and characterized. The analo-
gous PBV polymers, derived from the BV series, were also synthesized and investigated.
Blue and greenish light emissions were observed in the photoluminescence (PL) and
electroluminescence (EL) spectra of the blend and pure films with these n-conjugated
structures. In contrast to the three-conjugated ring oligomers, the five-conjugated ring
derivatives (oligomers and polymers) had larger maximum emission wavelength values
of PL and EL emissions. Mesomorphism was introduced into the BV series by the
replacement of three-conjugated rings (BIII series) with five-conjugated phenyl cores
(BV series). The liquid-crystalline properties of the BV series with end groups (on both
end rings) were better than those of analogous BV-OCg without end groups. Polarized
PL emissions were obtained by the alignment of liquid-crystalline phase in rubbing
cells. Upon heating, different PL emission wavelengths and intensities were observed in
various phases. Not only the solubility and thermal properties but also the PL and EL
properties could be effectively adjusted by the attachment of flexible alkoxy groups
either on the central rings or on both end rings of the conjugated cores. © 2005 Wiley Peri-
odicals, Inc. J Polym Sci Part A: Polym Chem 44: 783-800, 2006

Keywords: electroluminescence; mesomorphism; oligo(p-phenylene-vinylene); pho-
toluminescence; polarized photoluminescence

INTRODUCTION

Luminescent polymers with highly extended =-
conjugated systems have attracted considerable
attention from both fundamental and practical
points of view because various novel physical
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properties have been observed and also various
applications have been proposed widely. Polymers
with extended =© conjugation hold promise for
electronic and photonic applications, such as
light-emitting diodes, photovoltaics, sensors, and
thin-film transistors.! Most liquid-crystalline
(LC) materials carried out on photoluminescence
(PL) and electroluminescence (EL) have involved
different polarized light emissions. For instance,
cyanobiphenyl liquid crystals can be aligned by
rubbed polyimide and thus have dichroic ratios in
absorption spectra.? Frequently used materials
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include polyacrylate,>® polyfluorene,”'® and their

oligomer derivatives.'®?° Additionally, liquid crys-
tals with a hexagonal mesophase to solubilize the
monomer and direct its electropolymerization
lead to 3,4-polyethylene-dioxythiophene (PEDOT)
films, which replicate the texture and birefrin-
gence of the LC template.?! In particular, LC con-
ducting polymers possessing mesogenic parts in
their side chains®®*2% or dyes doped in an LC
structure®®?” have attracted much interest for
their molecular alignment, which is expected to be
used in polarized emissions. Besides, mesogenic
structures containing electron-transporting 1,3,4-
oxadiazole units have also been used to emit polar-
ized light.2®%® Moreover, polarized organic light-
emitting diodes (OLEDs) have been constructed
with heptafluorene lightly doped with monodis-
perse conjugated oligomers for efficient emissions
of green, red, and white light, and a high polariza-
tion ratio (up to 26) has been obtained.>®

Several highly extended n-conjugated systems
containing oligo(p-phenylene-vinylene) (OPV)
units are used in polymeric light-emitting diode
(PLED) and OLED applications. For instance,
polymerizable hexacatenar mesogens®! contain-
ing a photoactive OPV core have been thermally
initiated and polymerized in the absence of light
to afford effective crosslinking with the retention
of both the LC order and the desired emission
properties. Different generations of poly(propy-
lene imine) dendrimers modified peripherically
with urea OPV having a 3,4,5-tri(dodecyloxy)-
phenyl mesogenic unit (OPV dendrimers) have
led to LC behavior, resulting in order on a supra-
molecular level.®? Besides, covalently linked
dyads of OPV with [60]fullerene,®*~3> amphiphilic
diblock copoly(ester oxide),?® ferrocencethiol,®’
and bis(thioacetyl)®® structures exhibit interest-
ing photophysical properties, among which
energy and electron-transfer reactions have been
used to make photovoltaic devices. Oligomers with
defined chain lengths can be considered model com-
pounds of their corresponding polymers. Therefore,
the investigation of oligomeric OPV systems has
gained interest because of their reproducible proper-
ties and their well-defined structures, which are
prerequisites for the exploration of the physical
properties of their corresponding polymeric materi-
als.***3 In comparison with the extensive attention
that has been devoted to PLED systems, there are
limited studies about structure—property rela-
tionships, such as the correlation between the
conjugation length and the light-emitting diode
performance, in oligomeric systems.** 2

BV-0C,

Si-PPV

Chart 1

In some reported literature results, a series of
substituted OPVs (BV-OCg and BV-Cg in Chart 1)
with an LC (nematic) phase were synthesized,
and the emission properties were surveyed.®®
In addition, a poly(p-phenylenevinylene) (PPV)
polymer derivative [poly[2-(3-dimethyldodecylsily-
phenyl)-1,4-phenylene vinylene] (Si-PPV) in
Chart 1], which had a well-defined backbone con-
sisting of regularly alternating distyrylbenzene
and dimethylsilylene units, was also investi-
gated.?® In this study, several series of alkoxy-
substituted OPVs and poly(p-phenylene-vinyl-
ene)s containing different side groups (on the cen-
tral phenyl rings) and alkoxy end groups (on both
of the end phenyl rings) were explored. Various
side groups, including methoxy (—OMe), butoxy
(—0C,), octoxy (—OCg), decoxy (—OC;5), and
ethylhexoxy (branched —OCs5g) side chains, were
introduced into the central phenyl rings to
enhance the solubility of these conjugated mole-
cules. OPVs and analogous polymers containing
three- and five-conjugated phenylene rings were
synthesized to inspect the structural effects on
the thermal and electrooptic properties. The rub-
bing effects on the PL properties, that is, the
polarized emission properties, of some mesogenic
compounds were also studied.

EXPERIMENTAL

General Information

NMR measurements were carried out on a Bru-
ker AC 300 spectrometer. Absorption spectra
were acquired on an HP 8453 spectrometer. PL



and EL emission spectra were obtained on a Hita-
chi 8453 spectrometer. The textures of the meso-
phases were studied with a polarizing optical
microscope (DMLP, Leica) equipped with a hot
stage. The transition temperatures were deter-
mined by differential scanning calorimetry (DSC-
7 and Pyris 7, PerkinElmer) with a heating and
cooling rate of 10 °C/min under nitrogen. Thermo-
gravimetric analysis (TGA) was conducted on a
DuPont Thermal Analyst 2100 system with a
TGA 2950 thermogravimetric analyzer at a heat-
ing rate of 20 °C/min under nitrogen. The highest
occupied molecular orbital (HOMO) energy levels
were estimated from the optical response on a
Riken AC-2 photoelectron spectrometer. The work
function and ionization potential were measured by
the photoelectron spectrometer for the OLED mate-
rials in air. These materials were sealed in antipar-
allel rubbing cells with a 9-um cell gap, and the
polarized PL emission spectra and PL dichroic
ratios were measured at corresponding mesophasic
temperatures. The textures of all mesogenic prod-
ucts were characterized with a Leitz Laborlux S
polarizing optical microscope equipped with a
THMS-600 heating stage. The heating and cooling
rates were 10 °C min ! for all measurements in No,
unless mentioned otherwise. Powder X-ray diffrac-
tion (XRD) patterns were obtained from a Siemens
D-5000 X-ray diffractometer (40 kV, 30 mA) fitted
with a TTK450 temperature controller. Nickel-fil-
tered Cu Ko radiation was used as the incident
X-ray beam. The values of the number-average
molecular weight (M), weight-average molecular
weight (M,,), and polydispersity index (PDI) were
determined by gel permeation chromatography
(GPC). GPC analysis was conducted on a Water
1515 separation module with polystyrene as a
standard and tetrahydrofuran (THF) as an eluant.
The fluorescence quantum yields of solutions and
films (ca. 50 nm) were determined by the compari-
son of a reference (quinine sulfate in a 0.1 M
H,SO, solution) with a known quantum yield of
0.54 (concentration = 1 x 10~° M) and by the com-
parison of poly[2-methoxy-5-(2'-ethyl-hexyloxy)-
1,4-phenylene] (MEHPPYV) films (by the spin coat-
ing of chloroform solutions with a concentration of
1 x 10°° M) with a known quantum yield of 0.22,
respectively.”

Device Fabrication

Prepatterned indium tin oxide (ITO) substrates
with an effective individual device area of 3.14 mm?
were cleaned by an ultrasonic machine in various
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detergent solutions and deionized water. After that,
the ITO substrates were treated with oxygen
plasma for 2 min before spin coating. Polymer
thin films were spin-coated on ITO substrates
from a dichloroethane solution with a concentra-
tion of 1.65 wt % (the thickness was ca. 60 nm),
whereas the molecular emitters were doped into
a poly(9-vinylcarbozol) (PVK) matrix with a con-
centration of 1:100 wt %. The metal calcium was
deposited as the cathode by thermal evaporation
and consecutively capped with aluminum serving
as a protecting layer. The current—voltage—lumi-
nescence response behavior was measured under
ambient conditions with a Keithley 2400 source
meter and a Newport 1835C optical meter equipped
with an 818ST silicon photodiode.

Materials
Syntheses of OPVs (1-14)

Commercially available chemicals were used
without further purification. Diphosphonate com-
pounds were synthesized by a modified procedure
described in ref. 55. OPVs (1-14) were synthe-
sized by the Horner—Wittig—Emmons reaction®®
according to Scheme 1 [BIII series containing
three-conjugated rings (1-6)] and Scheme 2 [BV
series containing five-conjugated rings (7-14)].
All products were identified as the required mate-
rials and judged to be pure by 'H and 3C NMR
spectroscopy. Elemental analyses for C, H, and N
were also satisfactory.

BIII-OMe (1). NaH (1.5 g, 54 mmol) was slowly
added to a solution containing 4.56 g (43 mmol) of
benzaldehyde and 8 g (18 mmol) of 2,5-bisme-
thoxy-1,4-xylene-bis(diethyl phosphonate) in 100 mL
of anhydrous THF at 0 °C under nitrogen. The
reaction mixture was slowly warmed to room
temperature and refluxed for 12 h. Upon cooling
to room temperature, the mixture was poured
into 500 mL of water. The precipitates were col-
lected, washed with water, and crystallized from
ethanol to obtain yellow crystals.

Yield: 57.0%. "H NMR (300 MHz, CDClj, 6):
3.92 (s, 6H, —OCH3y), 7.12 (d, J = 14.5 Hz, 2H,
—CH=CH—), 7.14 (s, 2H, —CgHy—), 7.24-7.27
(m, 2H, —CgHs), 7.35 (t, J = 7.6 Hz, 4H,
—CgHy—), 7.53 (t, J = 8.2 Hz, 4H, —CgHy—).
C NMR (CDCls, ¢): 56.36, 109.19, 123.25,
126.58, 127.45, 128.61, 128.95, 151.54. ELrewm.
AnaL. Caled. for Co4Ho504: C, 84.18%; H, 6.48%.
Found: C, 83.80%; H, 7.00%.
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Scheme 1.

BIIIMe-OMe (2). Yield: 66%. '"H NMR (300 MHz,
CDCls, §): 2.36 (s, 6H, —CH,), 3.92 (s, 6H,
—OCHS3), 7.09 (d, J = 16.5 Hz, 2H, —CH=CH—),
7.12 (s, 2H, —CgHy—), 7.16 (d, J = 7.8 Hz, 4H,
—CegH,—), 741 (d, J = 16.8 Hz, 2H, —CH
=CH—), 744 (d, J = 7.5 Hz, 4H, —CegH,—). 13C
NMR (CDCls, 6): 21.24, 56.36, 109.05, 122.19,

BIIOC-0Cg(6)

Synthetic routes of OPVs containing three-conjugated rings (BIII series).

126.47, 126.55, 128.76, 129.32, 135.05, 137.30,
151.43. ELEM. ANAL. Calcd. for 026H2602: C, 8429%,
H, 7.07%. Found: C, 84.53%; H, 7.13%.

BIIIOMe-OMe (3). Yield: 73%. 'H NMR (300
MHz, CDCl;, 9): 3.83 (s, 6H, —OCHjy), 3.92 (s,
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Scheme 2. Synthetic routes of OPVs containing five-conjugated rings (BV series).
AIBN = 2,2-azobis(isobutyronitrile); NBS = N-bromo-succinimide.

6H, —OCHs), 6.90 (d, J = 8.6 Hz, 4H, —CgH,—,),
7.06 (d, J = 16.4 Hz, 2H, —CH=CH—), 7.11 (s,
2H, —C¢Hy—), 7.35 (d, J = 16.3 Hz, 2H, —CH
—=CH—), 7.49 (d, 4H, —C¢H,—, J = 8.8 Hz). 13C
NMR (CDCls, §): 55.37, 56.37, 108.92, 114.07,
121.15, 126.52, 127.77, 128.30, 130.72, 151.35,
159.18. ErLEM. AnNaL. Caled. for C26H2604: C,
77.59%; H, 6.51%. Found: C, 77.57%; H,6.49%.

BIIIOCg-OMe (4). Yield: 70%. 'H NMR (300
MHz, CDCl,, d): 0.90 (t, 6H, —CHj), 1.30-1.46
[m, 20H, —(CHy)s—1], 1.79 (m, 4H, —CH,—),
3.92 (s, 6H, —OCHS,), 3.97 (t, J = 6.9 Hz, 4H,
—OCH,—), 6.89 (d, J = 8.4 Hz, 4H, —CeH,—),
7.06 (d, J = 16.2 Hz, 2H, —CH=CH—), 7.11 (s,
2H, —CgH,—), 7.34 (d, J = 162 Hz, 2H,
—CH=CH—), 748 d, J = 87 Hz, 4H,
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—CgH,—). 3C NMR (CDCl;, §): 14.09, 22.65,
26.05, 29.28, 29.36, 31.81, 56.38, 68.07, 108.91,
114.65, 120.96, 126.52, 127.73, 128.36, 130.49,
151.33. ELEM. ANAL. Caled. for C4oHs404: C, 80.22%;
H, 9.09%. Found: C, 79.96%:; H, 8.98%.

BIIIOC;5-OMe (5). Yield: 65%. 'H NMR (300
MHz, CDCls, §): 0.89 (t, 6H, —CHs), 1.27—1.54 [m,
36H, —(CHg)o—1, 1.78 (m, 4H, —CH,—), 3.92 (s,
6H, —OCHs;), 3.97 (t, J = 6.6 Hz, 4H, —OCH,—),
6.89 (d, J = 9.0 Hz, 4H, —CgH,—), 7.06 (d, J
= 164 Hz, 2H, —CH=CH—), 7.11 (s, 2H,
—CgHy—), 734 d, J = 165 Hz, 2H,
—CH=CH—), 7.48 (d, J = 8.7 Hz, 4H, —CgH,—).
13 NMR (CDCl;, §): 14.10, 22.69, 26.05, 29.34,
29.41, 29.59, 29.63, 31.91, 56.40, 68.09, 108.98,
114.68, 121.00, 126.57, 127.73, 128.39, 130.52,
158.81. Erem. AnaL. Caled. for C48H7()O4§ C,
81.08%; H, 9.92%. Found: C, 81.3%: H, 9.64%.

BIIIOCs-OCj (6). Yield: 15%. 'H NMR (300 MHz,
CDCl;, 9): 0.89 (t, 12H, —CH;), 1.28-1.54 [m,
40H, —(CHy)9—], 1.62-1.89 (m, 8H, —CHy—),
3.97 (t, J = 6.5 Hz, 4H, —OCH,—), 4.04 (t, J
= 6.6 Hz, 4H, —OCH,—), 6.89 (d, J = 8.7 Hz, 4H,
—CgH,—),7.07(d,J = 16.1 Hz, 2H, —CH=CH—
J = 6.5 Hz), 7.10 (s, 2H, —CgHyo—), 7.33 (d, J
=16.4 Hz, 2H, —CH=CH—), 7.45 (d, J = 8.6 Hz,
4H, —CgH,—). 13C NMR (CDCls, §): 14.10, 22.68,
26.07, 26.31, 29.31, 29.34, 29.38, 29.41, 29.48,
29.59, 29.64, 29.67, 31.92, 110.57, 114.69, 121.33,
126.89, 127.64, 128.19, 130.67, 150.97. ELEM.
AnaL. Caled. for 054H8204Z C, 8156%, H, 10.39%.
Found: C, 82.51%; H, 10.92%.

BVOC4OEHR (7). t-BuOK (1.28 g, 29.3 mmol) was
slowly added to a solution containing 6.60 g
(19.6 mmol) of 4-butyloxy-benzyl-triphenyl-phos-
phonium bromide and 4.78 g (19.6 mmol) of ter-
ephthaldicarboxaldehyde in 50 mL of anhydrous
THF at 0 °C under nitrogen. The reaction mix-
ture was slowly warmed to 100 °C and refluxed
for 20 h. Upon cooling to room temperature, the
mixture was poured into water and dichloro-
methane. The precipitates were collected, washed
with ethyl alcohol, and crystallized from elemen-
tary analysis/hexane (1:20) to obtain yellow crys-
tals of trans-4-(4-butyloxy)styryl benzaldehyde.
Then, 2.0 g (5.9 mmol) of NaH was slowly added
to a solution containing #¢rans-4-(4-butyloxy)s-
tyryl benzaldehyde and 1.72 g (2.7 mmol) of 1,4-
bis(4-formylstyryl)-2,5-bis(2-ethylhexyloxy)benzene
in 50 mL of anhydrous THF at room temperature
under nitrogen. The reaction mixture was slowly

warmed to 100 °C and refluxed for 20 h. Upon
cooling to room temperature, the mixture was
poured into water and dichloromethane. The pre-
cipitates were collected, washed with THF, and
crystallized from dichloromethane to obtain gol-
den crystals.

Yield: 25%. 'H NMR (300 MHz, CDCls, 9):
0.90-1.02 (m, 18H, —CHs), 1.36-1.56 [m, 20H,
—(CHy),,—1, 1.73-1.85 (m, 6H, —CHy—), 3.95—
4.00 (m, 8H, —OCH;—), 6.88 (d, J = 9 Hz, 4H,
—CgHy—),6.94(d,J = 16.2 Hz, 1H, —CH=CH—),
7.06 (d, J = 15 Hz, 1H, —CH=CH—), 7.13-7.17
(m, 6H, —CgHy—, —CH=CH—, overlapping),
7.43-7.53 (m, 14H, —CgH,—, —CH=CH—, over-
lapping). '*C NMR (CDCl;, 6): 11.34, 13.86, 14.14,
19.24, 23.11, 24.23, 29.26, 30.93, 31.30, 39.76,
67.74, 71.72, 110.12, 114.70, 123.09, 126.09, 126.53,
126.74, 126.80, 127.67, 128.02, 128.28, 129.96,
136.82, 136.96, 151.18, 158.89. ELEM. ANAL. Calcd.
for CgoH7504: C, 83.93%; H, 8.86%. Found: C,
82.48%; H, 8.52%.

BVOC,-OCg (8). Yield: 31%. 'H NMR (300 MHz,
CDCls, §): 0.87 (t, 6H, —CHjy), 0.91 (t, 6H, —CHy),
1.31-1.58 [m, 28H, —(CHjy),,—1, 1.75-1.91 (m, 8H,
—CHy—), 3.96 (t,J = 6.6 Hz, 4H, —OCH,—), 4.04
(t,J = 6.6 Hz, 4H, —OCH,—), 6.88 (d, J = 8.4 Hz,
4H, —CgH4—), 6.94 (d, J = 16.5 Hz, 1H, —CH
=CH—), 7.05 d, J = 16.2 Hz, 1H, —CH=CH—),
7.10-7.15 (m, 6H, —C¢gHy—, —CH=CH—, over-
lapping), 7.43-7.52 (m, 14H, —C¢Hy;—, —CH
—=CH—, overlapping). '*C NMR (CDCls, 6): 13.86,
14.13, 19.23, 22.69, 26.30, 29.33, 29.43, 29.51,
31.30, 31.83, 67.73, 69.57, 110.51, 114.69, 123.09,
126.08, 126.50, 126.80, 126.90, 127.67, 128.02,
128.38, 129.94, 136.83, 136.91, 151.10, 158.88.
ErEm. Anan. Caled. for CgoH7504: C, 83.93%; H,
8.86%. Found: C, 83.88%; H, 8.87%.

BVOC,-0C;5 (9). Yield: 35%. '"H NMR (300 MHz,
CDCls, 6): 0.83 (t, 6H, —CHs), 0.94 (t, 6H, —CHj),
1.24-1.54 [m, 40H, —(CHy),,—1, 1.76-1.84 (m, 8H,
—CHy—), 3.95 (t,J = 6.6 Hz, 4H, —OCHy—), 4.02
(t, J = 6.6 Hz, 4H, —OCHy—), 6.86 (d, 4H, —Cg
H,—,J =84Hz), 692, J =16.2 Hz, 1H, —CH
=CH—), 7.04 (d, J = 16.3 Hz, 1H, —CH=CH—),
7.09-7.13 (m, 6H, —C¢gHys—, —CH=CH—, over-
lapping), 7.41-7.50 (m, 14H, —C¢H;—, —CH
=CH—, overlapping). 1*C NMR (CDCl;, §): 13.85,
14.11, 19.24, 22.69, 26.31, 29.38, 29.48, 29.51,
29.65, 29.67, 29.73, 31.32, 31.93, 34.11, 67.76,
69.61, 110.59, 114.72, 123.12, 126.11, 126.51,
126.81, 126.95, 127.67, 128.04, 128.41, 129.98,
136.86, 136.94, 151.13, 158.91. ELEM. ANAL. Calced.



for C;oHg4Oy4: C, 84.12%; H, 9.48%. Found: C,
83.59%; H, 9.31%.

BVOCg-OEL (10). Yield: 30%. 'H NMR (300
MHz, CDCls3, §): 0.85-0.96 (m, 12H, —CHj), 0.96
(t, 6H, —CHjy), 1.27-1.53 [m, 36H, —(CHj),,—1,
1.77-1.81 (m, 6H, —CHs—), 3.94-3.97 (m, 8H,
—OCHy—), 6.86 (d, J = 8.7 Hz, 4H, —CgH,—),
6.93 d, J = 16.2 Hz, 1H, —CH=CH—), 7.04 (d,
J = 15 Hz, 1H, —CH=CH—), 7.10-7.14 (m, 6H,
—CgHy—, —CH=CH—, overlapping), 7.41-7.50
(m, 14H, —CgH,—, —CH=CH—, overlapping).
13C NMR (CDClg, 6): 11.34, 14.09, 14.13, 22.65,
23.11, 24.26, 26.04, 29.23, 29.27, 29.36, 30.95,
31.81, 39.79, 68.09, 71.77, 110.17, 114.73, 123.12,
126.11, 126.53, 126.75, 126.84, 127.67, 128.05,
128.30, 129.97, 136.85, 136.98, 151.21, 158.91.
ELEMm. AnaL. Caled. for C,;oHg4O4: C, 84.12%; H,
9.48%. Found: C, 83.76%; H, 9.07%.

BVOCg-0Cy (11). Yield: 45%. 'H NMR (300 MHz,
CDCls, §): 0.89 (t, 12H, —CHy), 1.31-1.57 [m, 40H,
—(CHy),—1, 1.77-1.91 (m, 8H, —CHy—), 3.97 (t,
J =6.5Hz,4H, —OCHy—), 4.06 (t, 4H, —OCH,—,
J = 6.5 Hz), 6.89 (d, J = 8.8 Hz, 4H, —CgH,—),
6.97 (d, J = 16.3 Hz, 2H, —CH=CH—), 7.05-7.16
(m, 6H, —CgHy—, —CH=CH—, overlapping),
7.43-7.53 (m, 14H, —CgH,—,—CH=CH—, over-
lapping). '*C NMR (CDCl, 6): 14.10, 22.65, 22.68,
26.05, 26.31, 29.23, 29.27, 29.32, 29.36, 29.43,
29.52, 31.80, 31.84, 68.09, 69.61, 110.60, 114.73,
126.11, 126.50, 126.81, 126.96, 127.68, 128.06,
128.41, 129.97, 136.87, 136.94, 151.15. ELEM. ANAL.
Calcd. for C;oHg4O4: C, 84.12%; H, 9.48%. Found:
C, 84.07%; H, 9.26%.

BVOCg-0OC;s (12). Yield: 21%. 'H NMR (300
MHz, CDCls, 6): 0.87 (t, 12H, —CHsy), 1.27-1.57
[m, 56H, —(CHy),—], 1.77-1.91 (m, 8H,
—CHy—), 3.98 (t, J = 6.8 Hz, 4H, —OCH,—),
4.06 (t, J = 6.4 Hz, 4H, —OCHy—), 6.89 (d, J
= 8.5 Hz, 4H, —CgH,—), 6.97 (d, J = 16.3 Hz,
2H, —CH=CH—), 7.06-7.16 (m, 6H, —CgHy—,
—CH=CH—, overlapping), 7.43-7.53 (m, 14H,
—CgHy—, —CH=CH—, overlapping). '*C NMR
(CDCls, 6): 6.90, 14.10, 22.68, 26.05, 26.32, 29.25,
29.38, 29.49, 29.68, 31.82, 31.93, 68.12, 69.64,
110.66, 114.75, 123.76, 123.16, 126.13, 126.52,
126.82, 127.68, 128.07, 128.43, 130.00, 136.96,
151.17, 158.93. ELEM. ANAL. Caled. for C7gH{1004:
C, 84.27%; H, 9.97%. Found: C, 84.48%; H, 9.71%.

BVOC;5-0Cs (13). Yield: 19%. 'H NMR (300
MHz, CDCls, §):0.82 (t, 12H, —CHs), 1.20-1.50
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[m, 56H, —(CHy),—], 1.69-1.81 (m, 8H,
—CHy—), 391 (t, J = 6.7 Hz, 4H, —OCHy—),
3.99 (t, J = 6.2 Hz, 4H, —OCH,—), 6.82 (d, J
= 8.7 Hz, 4H, —CgH,—), 6.90 (d, J = 16.2 Hz,
2H, —CH=CH—), 6.99-7.09 (m, 6H, —CgHy—,
—CH=CH—, overlapping), 7.36-7.45 (m, 14H,
—CgHy—, —CH=CH—, overlapping). *C NMR
(CDCl3, 9): 1.03, 14.12, 22.70, 26.05, 26.32, 29.28,
29.35, 29.43, 29.44, 29.54, 29.58, 29.63, 29.68,
31.85, 31.93, 68.10, 69.62, 110.60, 114.73, 123.14,
126.12, 126.53, 126.82, 126.97, 127.69, 128.08,
128.42, 129.99, 136.88, 136.95, 151.14, 158.92,
176.32. ELEM. ANAL. Caled. for C78H11004I C,
84.27%; H, 9.97%. Found: C, 84.02%; H, 9.51%.

BVOC;3-0C;3 (14). Yield: 12%. 'H NMR (300
MHz, CDCls, 6): 0.87 (t, 12H, —CHsj), 1.27-1.58
[m, 72H, —(CHz)9—I], 1.79-1.88 (m, 8H,
—CHy—), 3.98 (t, J = 6.5 Hz, 4H, —OCHy—),
4.07 (t, J = 6.4 Hz, 4H, —OCH,—), 6.89 (d, J
= 8.7 Hz, 4H, —CgH,—), 6.97 (d, J = 16.4 Hz,
2H, —CH=CH—), 7.06-7.16 (m, 6H, —CgHy—,
—CH=CH—, overlapping), 7.48 (m, 14H, —CgH,—,
—CH=CH—, overlapping). *C NMR (CDCls, ):
14.12, 22.68, 29.39, 29.48, 29.59, 29.64, 29.72,
31.93, 114.73, 126.53, 126.80, 127.67. ELEM. ANAL.
Caled. for 086H12604: C, 8439%, H, 10.38%.
Found: C, 83.87%; H, 10.10%.

Synthesis of the Polymers (15-18)

Poly(p-phenylene-vinylene)s were synthesized by
the Horner-Wittig—-Emmons reaction®® illus-
trated in Scheme 3 [PBV series containing five-
conjugated rings (15-18)]. The synthetic proto-
cols of polymer precursors (M1-M5) are described
next. M1-M5 were identified as the required
materials and judged to be pure by 'H and '3C
NMR spectroscopy as well as elemental analyses.

1,8-Bis(4-triphenyl  phosphonium  bromide-phe-
noxy)-octane (M1). A solution of 1,8-bis(4-bromo-
methyl-phenoxy)-octane (8 g, 16.5 mmol) and tri-
phenylphosphine (9.5 g, 36.4 mmol) in 80 mL of
xylene was heated to 120 °C for 12 h. Upon cool-
ing to room temperature, the reaction mixture
was filtered and washed by hexane to obtain a
white solid.

Yield: 84%. 'H NMR (300 MHz, CDCls, 9):
1.23-1.53 [m, 8H, —(CHy)4—1, 1.69-1.74 (m, 4H,
—CHy—), 3.81 (t, J = 6.6 Hz, 4H, —OCHy—),
5.35 (d, J = 20.0 Hz, 4H, —CH,PPh3" Br"), 6.85
(d,J =8.6 Hz,4H, —CgH,—), 7.11 (d, J = 8.6 Hz,
4H,—CgH,—), 7.53-7.74 (m, 30H, PPhs).
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Scheme 3. Synthetic routes of poly(p-phenylene-vinylene)s (PBV series).

1,4-Bis(4-formylstyryl)-2,5-bis(butyloxy)benzene
(M2). t-BuOK (9.4 g, 100.6 mmol) was added to a
solution of 2,5-bisbutyloxy-1,4-xylene-bis(diethyl
phosphonate) and terephthalaldehyde-mono(di-
ethyl acetal) (14.8 mL, 73.8 mmol) in anhydrous
THF at 0 °C. The mixture was reacted at room
temperature for 30 min and then slowly warmed
to 80 °C for another 12 h. As the reaction mixture
cooled to room temperature, 40 mL of 6 N HCI
was poured into the mixture to terminate the
reaction. After 1 h, the product was precipitated
by the addition of 300 mL of cold water, and the
precipitate was collected. The crude product was
recrystallized from isopropyl alcohol twice to
obtain an orange powder.

Yield: 49%. "H NMR (300 MHz, CDClj, 9): 0.98
(t, 6H, —CHj3), 1.44-1.56 [m, 4H, —(CHs)—],
1.72-1.82 (m, 4H, —CHy—), 4.07 (t, J = 6.6 Hz,
4H, —OCHy—), 7.12 (s, 2H, —CgHy—), 7.15 (d,
2H, J = 18 Hz, —CH=CH—), 7.58 (d, 2H, J = 15
Hz, —CH=CH—), 7.63 (d, J = 9 Hz, 4H, —Cg
Hy—), 7.84 (d, J = 9 Hz, 4H, —CgH,—), 9.97 (s,
2H, —CHO). ELEM. ANAL. Caled. for C56HggO4: C,
79.64%; H, 7.10%. Found: C, 79.60%; H, 7.18%.

1,4-Bis(4-formylstyryl)-2,5-bis(octyloxy)benzene
(M3). Yield: 78%. '"H NMR (300 MHz, CDCls, 4):
098 (t, 6H, —CHjy), 1.27-1.56 [m, 20H,
—(CHy),—1, 1.72-1.82 (m, 4H, —CHy—), 4.06 (t,
J = 6.6 Hz, 4H, —OCH,—), 7.12 (s, 2H,
—CgHy—), 7.15(d, J = 18 Hz, 2H, —CH=CH—),
7.58 (d, J = 15 Hz, 2H, —CH=CH—), 7.64 (d, J
= 9 Hz, 4H, —CgH,—), 7.84 (d, J = 9 Hz, 4H,
—CgHys—), 9.97 (s, 2H, —CHO). ELEM. ANAL.
Calcd. for Cs6HggO4: C, 80.77%; H, 8.47%. Found.:
C, 80.32%; H, 8.36%.

1,4-Bis(4-formylstyryl)-2,5-bis(dodecyloxy)benzene
(M4). Yield: 62%. 'H NMR (300 MHz, CDCl;, 6):
0.89-0.94 (m, 12H, —CHj3), 1.31-1.60 [m, 12H,
—(CHy),,—1, 1.61-1.70 (m, 2H, —CH—), 4.08 (t,
J = 6.6 Hz, 4H, —OCH,—), 7.14 (s, 2H,
—CgHy—), 7.17 (d, J = 18 Hz, 2H, —CH=CH—),
7.60 (d, J = 15 Hz, 2H, —CH=CH—), 7.68 (d,
J =6 Hz, 4H, —CgH,—), 7.86 (d, J = 6 Hz, 4H,
—CgHys—), 9.99 (s, 2H, —CHO). ELEM. ANAL.
Calcd. for C;oHggOy4: C, 81.54%; H, 9.41%. Found.:
C, 81.17%; H, 9.00%.



1,4-Bis(4-formylstyryl)-2,5-bis(2-ethylhexyloxy)
benzene (M5). Yield: 40%. 'H NMR (300 MHz,
CDCls, 6): 0.89-0.94 (m, 12H, —CHjy), 1.31-1.60
[m, 16H, —(CHy),—1, 1.61-1.70 (m, 2H, —CH—),
3.97 (t, J = 6.6 Hz, 4H, —OCHy—), 7.14 (s, 2H,
—CgHy—), 7.19(d, J = 15 Hz, 2H, —CH=CH—),
7.62 (d, J = 15 Hz, 2H, —CH=CH—), 7.68 (d,
J =6 Hz, 4H, —CgH,—), 7.86 (d, J = 9 Hz, 4H,
—CgH4—), 10.00 (s, 2H, —CHO). ELEM. ANAL.
Calced. for Cg4HgoOy4: C, 80.77%; H, 8.47%. Found:
C, 80.64%; H, 8.31%.

PBVOCs-OC, (15). Yield: 74%. 'H NMR (300
MHz, CDCls, 6): 0.86 (m, 12H, —CHsj), 1.23-1.82
[m, 16H, —(CHy),—], 3.954.04 (m, 8H, —OCH,—),
6.73-7.18 (m, 12H, —C¢H,—, —CH=CH—, over-
lapping), 7.26-7.60 (m, 14H, —CgH,—, —CH
=CH—, overlapping).

PBVOCs-OCg (16). Yield: 70%. 'H NMR (300
MHz, CDCls, §): 0.89 (m, 12H, —CH3), 1.23-1.86
[m, 36H, —(CHy),—1, 3.984.05 (m, 8H, —OCHy—),
6.78-7.21 (m, 12H, —C¢H,—, —CH=CH—, over-
lapping), 7.26-7.48 (m, 14H, —CgH,—, —CH
=CH—, overlapping).

PBVOCg-0C;s (17). Yield: 50%. 'H NMR (300
MHz, CDCls, 6): 0.84 (m, 12H, —CHsj), 1.26-1.87
[m, 48H, —(CHy),—1, 3.93—4.05 (m, 8H, —OCHy—),
6.78-7.21 (m, 12H, —C¢H,—, —CH=CH—, over-
lapping), 7.26-7.49 (m, 14H, —CgH,—, —CH
=CH—, overlapping).

PBVOCs-OEh (18). Yield: 65%. 'H NMR (300
MHz, CDCls, 6): 0.88 (m, 18H, —CHj), 1.18-1.80
[m, 26H, —(CHy),,—1, 3.95-3.97 (m, 8H, —OCH,—),
6.75-7.23 (m, 12H, —C¢Hy—, —CH=CH—, over-
lapping), 7.26-7.52 (m, 14H, —CgH,—, —CH
=CH—, overlapping).

RESULTS AND DISCUSSION

Thermal Properties

The thermal behavior and phase-transition tem-
peratures of alkoxy-substituted OPVs (1-14) and
poly(p-phenylene-vinylene)s (15-18), which were
characterized with differential scanning calorim-
etry (DSC) and polarizing optical microscopy
(POM) measurements, are listed in Tables 1-3.
For three-conjugated phenyl oligomers (i.e., BIII
series), the melting temperature (7T7,) and crystal-
lization temperature (7,..) are demonstrated in
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Table 1. Thermal Properties of the BIII Derivatives

Phase-Transition

Compound Temperature (°C)?

177.7 (68.2)
BIII-OMe (1) K — |

156.3 (~75.2)

190.3 (85.4)
BIIIMe-OMe (2) K ~ 1

174.7 (~86.5)

219.2 (118.2)
BIIIOMe-OMe (3) K ~ 1

204.8 (—118.6)

137.4 (107.8)
BIIIOC4-OMe (4) K —3 |

118.4 (—112)

123.1 (98.1)
BIIIOC,,-OMe (5) K — |

104.0 (~90.6)

86.2 (41.4)
BIIIOC4-OCq (6) K ~ 1

73.0 (—43.4)

& The corresponding enthalpy (J/g) is shown in parenthe-
ses. K = crystalline phase; I = isotropic liquid.

the following order: 3 >2 >1 >4 > 5 > 6 (shown
in Table 1). In general, because of the weaker
intermolecular interaction induced by the longer
flexible chains, the longer alkoxy groups either on
the central rings or on both end rings of the conju-
gated cores cause the reduction of the phase-tran-
sition temperatures (i.e., T, and T¢,) in the BIII
series of three-conjugated ring oligomers (1-6).
For instance, their phase-transition tempera-
tures (i.e., T, and T,) are in the order of 3 > 4
> 5 with the length of alkoxy terminal chains
increasing (on both end rings) and with the
length of lateral alkoxy chains (—OMe) kept the
same (on the central ring) or in the order of 4 > 6
with the length of alkoxy side chains increasing
(on the central ring) but with the length of alkoxy
terminal chains (—OCg) kept the same (on both
end rings). As for 3 > 2 > 1in T\, and T, it can
be explained by the fact that the short terminal
groups of —OMe and —Me groups in 3 and 2 gen-
erate larger molecular weights than that of 1
without terminal groups, and this accounts for
the lowest transition temperature in 1. In addi-
tion, comparing 3 with 2, we find that methoxy
groups containing oxygens have higher polarity
and electronic density than methyl groups, which
produce the highest T, and T, values in 3.
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Table 2. Thermal Properties of the BV Derivatives

Compound Phase-Transition Temperature (°C)*
185.6 (40.1) 253.9 (0.9)
BVOC,-OEh (7) K — —
168.5 (—40.1) 242.0 (-1.9)
184.2 (43.0) 274.7 (2.2)
BVOC,-OC, (8) K =~ N = |
156.8 (—41.2) 266.6 (—1.9)
79.1 (11.6) 185.6 (43.2) 222.5 (1.7)
BVOC,-OC,, (9) K =~ K' | = |
74.7 (-11.9) 164.8 (~43.2) 220.0 (~1.4)
165.3 (64.9) 255.2 (2.3)
BVOC,-OEh (10) K = N —3|
139.2 (—43.0) 219.8 (-5.6)
145.8 (49.6) 250.9 (2.3)
BVOC,-OC, (11) K ~ N S
121.5 (~44.9) 2485 (—2.1)
155.2 (51.6) 203.7 (1.1)
BVOC,-0C,, (12) K =~ N = |
132.6 (—52.7) 201.0 (—1.3)
117.8 (2.9 . K 141.3 (36.2) 189.5 (0.4)
BVOC,,-0C, (13) E = ~ N )
107.0(-38.0) 187.0 (—0.5)
157.3 (49.4) 188.3 (1.0)
BVOC,,-0C,, (14) K =~ N = |
142.6 (—51.4) 186.6 (—1.1)
b 183.0 (77.0) 204.0 (1.0)
BV-OC, K ~ N S
172.0 (—) 202.0 (—)

# The corresponding enthalpy (J/g) is shown in parentheses. K = crystalline phase; N = nematic phase; I = isotropic liquid.

As a comparison from ref. 53.

Similar effects on T, and the isotropization
temperature (7T}) can also be observed in the five-
conjugated ring series (i.e., BV series); besides
that, mesomorphism is introduced into the BV
series (shown in Table 2) by the replacement of
three-conjugated rings with five-conjugated phe-
nyl cores. Compared with 8, 11, and 13, com-
pound BV-OCg without terminal groups on both
end rings of the cores, which was synthesized and
reported by Hadziioannou et al.,*® possesses the
narrowest mesophasic range (21 °C on heating) in
the BV series with the same five-conjugated phe-
nyl cores and lateral —OCg alkoxy substituents
in Table 2. Hence, the introduction of alkoxy ter-
minal chains on both end rings of the conjugated
cores may enhance the stability of the mesophase
(the nematic phase). However, according to a
comparison of 13 with 11, elongating the alkoxy
terminal chains on both end rings of the cores
from —OCg to —OC;5 would weaken the longitu-

dinal force, which makes the nematic phase
become more unfavorable in 13. Similar results,
that is, the most proper alkoxy terminal chains
(on both end rings) of BVOCsg, also occur in analo-
gous BVOC,,-OC,5 and BVOC,,-OEh systems con-
taining lateral —OC;5 and —OEh groups as side
chains (on the central ring). Once the most suit-
able terminal chains (—OCsg; on both end rings)
of BVOCg are chosen, 10, 11, and 12 analogues
can be compared to justify the most favorable
side-chain length on the central ring. Again, elon-
gating or branching the alkoxy side chains (on
the central ring) from —OCg to —OC5 or from
—O0Cg to —OEh would weaken the favorable
force to form the nematic phase. Therefore, 11
has the most appropriate chain length on both
ends (on both end rings) and sides (on the central
ring) of the conjugated core and thus has the wid-
est mesophasic range (105 °C on heating) in the
BV series (7-14) in Table 2.



Table 3. Thermal Properties of the PBV Polymers

Phase-Transition

Compound Temperature (°C)* Ty (°C)P

PBVOC;-0Cy (15) G B K 159 N 280 I 411
112~ 260
54 __ 117 __ 230

PBVOC;-OCg (16) CE2K=N=T1 409
104~ 220

PBVOCg-0OCip (17) o 8 W0 o 20 393
100~ 235

PBVOCs-OEh (18) G kil Klﬁ 25 400
115 245

2 The phase-transition temperatures were obtained from
POM. G = glassy state; K = crystalline phase; N = nematic
phase; I = isotropic liquid.

b Temperature of 5% weight loss measured by TGA in
nitrogen (i.e., the thermal decomposition temperature).

On the basis of the same consideration of the
widest mesophasic ranges in BVOCg derivatives,
analogous polymers, that is, the PBV series (15—
18), containing various side groups on the central
rings, were synthesized in this study. Their ther-
mal properties are shown in Table 3; and their
molecular weights and PDIs are listed in Table 4.
Similar phase behavior, that is, a glass-transition
temperature (T;) and a nematic phase, of these
PBYV derivatives, can be observed (see Table 3).
Because of the variation of the molecular weights
and broadened transition temperatures (deter-
mined by POM) of the polymers, the alkoxy side-
group effect on the polymers is not so obvious as
that on their oligo-analogues. The temperature
ranges of the LC phase (i.e., the nematic phase) of
the polymers are wider than those of analogous
oligomers because the rigid cores of the polymer
backbones are connected end to end by the flexi-
ble alkoxy spacers, which enhance the mesogenic
longitudinal interaction in the nematic phase.
Accordingly, because of the introduction of flexi-
ble alkoxy groups either on the central rings or
on both end rings of the conjugated cores, not only
the solubility but also the thermal properties
(including the phase behavior and phase-transi-
tion temperatures, i.e., T\, and T3;) of both three-
conjugated and five-conjugated ring derivatives
can be adjusted.

Optical Properties

The ultraviolet—visible (UV-vis) absorption spec-
tra of these compounds in solution states (di-
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chloroethane as the solvent) were measured, and
their maximum emission wavelength (1,,.,) val-
ues are listed in Table 5. The peaks of UV-—vis
spectra are near 393-398 nm for three-conju-
gated ring oligomers (1-5), 423-431 nm for five-
conjugated ring oligomers (7-14), and near 422—
423 nm for five-conjugated ring polymers (15—
18). In comparison with three-conjugated ring
oligomers, five-conjugated ring derivatives have
larger A,ax values, that is, redshifted absorption,
because of the smaller energy gaps of longer con-
jugations in five-conjugated ring derivatives.
Similar absorption /., values have been ob-
served for both oligomers and polymers of five-
conjugated ring derivatives because of their simi-
lar conjugation lengths in solutions.

The PL and EL spectra of these compounds in
solutions (with dichloroethane as the solvent)
and films were measured, and their /.« values
are also listed in Table 5; the PL measurements
were excited at an emission wavelength of 285
nm. The A,,., values of PL and EL spectra of anal-
ogous derivatives 6, 11, and 16 (shown in Table 5)
are as follows: for three-conjugated ring oligomer
6, max(PL) is 447, 503, and 448 nm in solutions,
pure films, and blend films, respectively, and
Jmax(EL) is 459 nm in blend films; for five-conju-
gated ring oligomer 11, /,,.(PL) is 487, 532, and
498 nm in solutions, pure films, and blend films,
respectively, and A,.x(EL) is 504 nm in blend
films; and for five-conjugated ring polymer 16,
Jmax(PL) is 486, 545, and 496 nm in solutions,
pure films, and blend films, respectively, and
Amax(EL) is 497 nm in blend films. All the afore-
mentioned blend films are solid solutions with
PVK as the solvent in a dopant/PVK ratio of
1:100 wt %. Because the role of the PVK matrix
in the blend films is similar to that of the solvent
in the solution, the blend films are solid solutions
that show the same effect as the solutions with
high concentrations of chromophores. A compari-
son of the A,,.x(PL) values in solutions, pure films,
and blend films of analogous derivatives 6, 11,

Table 4. Molecular Weights and PDIs
of the PBV Polymers

Compound M, PDI (M /M)
PBVOC;-0C, (15) 11,778 1.7
PBVOC;-0OCg (16) 7,240 1.3
PBVOCg-0Cq5 (17) 10,193 14
PBVOC;s-OEh (18) 15,166 1.8
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Table 5. UV-vis, PL,* and EL Properties of BIII, BV, and PBV Derivatives

Jmax (nm) PL EL
UV-vis PL for PL (Blend  (Blend
Compound (Absorption)*  (Solution)®  (Pure Film)  Film)®  Film)®

BIIT-OMe (1) 393 442 474 444 449
BIIIMe-OMe (2) 394 441 (461)° 477 444 449
BIIIOMe-OMe (3) 397 444 (465) 495 448 447
BIIIOCg-OMe (4) 398 445 (467) 501 (527) 453 450
BIIIOC,2-OMe (5) 397 445 (466) 501 (529) 447 456
BIIIOCg-OCyg (6) 398 447 (470) 503 (538) 448 459
BVOC,4-OEh (7) 426 483 (513) 530 508 504
BVOC4-OCg (8) 424 483 (512) 528 503 501
BVOC4-OC3 (9) 423 486 (514) 528 510 503
BVOCg-OEh (10) 431 486 (513) 526 525 510
BVOCg-OCg (11) 431 487 (512) 532 (567) 498 504
BVOCg-OCqo (12) 431 487 (514) 537 492 504
BVOC,5-OCg (13) 430 487 (512) 529 497 493
BVOC;2-0OC;3 (14) 431 487 (514) 542 486 489
PBVOC;-0Cy (15) 423 491 (510) 543 492 495
PBVOC;-0Csg (16) 422 486 (511) 545 496 497
PBVOC;s-0Cy5 (17) 422 493 (512) 544 492 499
PBVOC;-OEh (18) 423 490 (511) 531 495 498
BV-OCs* 422 483 529 — —

2 The PL measurements were excited at an emission wavelength of 285 nm.

» With dichloroethane as the solvent.

¢ With PVK as the matrix (dopant/PVK = 1:100 wt %).

4 As a comparison from ref. 53.

¢ The second peaks are shown in parentheses.

and 16 shows that their /,,,«(PL) values are all in
the order of pure films > blend films > solutions.
This can be explained by the fact that higher
degrees of aggregation take place in solid solu-
tions of pure and blend films, which contain
higher concentrations of chromophores. Com-
pared with pure films, solid solutions of blend
films lead to reduced intermolecular interactions,
and fewer aggregate states of blend films occur,
so fewer redshifted emissions are produce. The
redshifts of A,.«(PL) values in pure and blend
films of analogous derivatives 6, 11, and 16 are
comparable, so their extents of aggregation in
pure and blend films are similar. Besides, their
Jmax(EL) values correspond to their 1,,,,(PL) val-
ues in blend films because the aggregation levels
in blend films are roughly equivalent in both EL
and PL measurements. Therefore, the n—n stack-
ing effect appears in solid-state films to form
excimers, so the redshifted phenomena were
observed. The 1. values of PL and EL spectra
in pure PVK films are usually found around
400 nm, and this emission wavelength is not so
obvious in the PL and EL spectra of PVK-doped
systems. Therefore, the PVK matrix might act as

an energy-transfer component in the blend film
systems.

As for three-conjugated ring oligomers in pure
films, we cannot observe a second peak in the PL
spectra of 1 (see Table 5). The second PL (pure
film) peaks of 2 and 3 are also not obvious, but
those of 4, 5, and 6 are easier to detect. Besides,
the latter compounds with longer alkoxy terminal
chains (on both end rings), that is, 4, 5, and 6,
also have larger redshifts of A,., values in PL
(pure film) emissions in comparison with their
corresponding PL (solution) emissions. This is
possibly due to the fact that the longer and polar
end alkoxy chains stack on each other to cause
redshifts on the major PL peaks (i.e., Apnax). The
fact that stronger second peaks are caused in
these compounds possibly originates from the
excimers, as confirmed by the concentration
study of the solution samples, that is, the gradual
appearance of second peaks at higher concentra-
tions. Additionally, compared with 1 and 2, 3, pos-
sessing the same core and lateral OMe groups,
has a stronger redshifted PL emission in pure
films, although all of them have similar A, val-
ues in PL (solution) emissions. This can be
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Figure 1. PL spectra of 11 in various phases: the
crystalline state (Amax = 545 nm), LC state (Amax
= 535 nm), and isotropic state (Anax = 525 nm). The
polarizer is parallel to the rubbing direction.

explained by the extra polar interactions of
alkoxy chains on both ends of 3, which cause
more aggregation. Similar aggregation and red-
shifts of 1.« values in PL emissions occur in pure
films in comparison with the corresponding solu-
tions of the BV and PBV series. Consequently,
blend films of three-conjugated ring oligomers
show blue PL and EL emissions (1,.x = 444—459
nm), and those of five-conjugated ring derivatives
(oligomers and polymers) show blue-greenish PL
and EL emissions (Anax = 486525 nm).
Interestingly, the PL emissions of five-conju-
gated ring oligomers show different colors in dif-
ferent phases. Figure 1 shows the PL spectra of
11 via heating from the crystalline state [Amax
(PL) = 545 nm] to the LC state [A,.x(PL) = 535
nm] and sequentially to the isotropic phase
[2max(PL) = 525 nm]. Because of larger aggrega-
tion caused by parallel alignment and larger film
thickness inside the rubbing cell (with a 9-yum cell
gap) of Figure 1, /,.<(PL) = 545 nm of 11 in the
aligned crystalline state (Fig. 1) is larger than
/Amax(PL) = 532 nm in the film state (ca. 40 nm via
spin coating on a glass substrate) of 11 in Table 5.
When 11 is heated serially from the crystalline
phase to the isotropic phase, blueshifts in the PL
spectra can be observed in Figure 1. One of the
possible reasons for the blueshift of A,.(PL)
upon heating is that increasing the temperature
may eliminate the coplanar configuration of the
molecular structure and reduce its conjugation
length (thus increasing the energy gap), so it
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shows blueshifts due to noncoplanar structures
at higher temperatures. It is also possible that
the aggregation level of molecular stacking
decreases, and this causes the blueshift as the
temperature increases. However, lower aggrega-
tion levels should have higher PL intensities, and
this does not agree with the lowest PL emission
possessed by the isotropic state in Figure 1.
Hence, the order of the PL emission intensity
(revealed in Fig. 1), that is, crystalline state > L.C
state > isotropic state, rules out the possibility of
the blueshift of the isotropic state (with much
lower PL intensity) caused by the lower aggrega-
tion level. In addition, the order of the full width
at half-maximum (fwhm) values of various
phases is as follows: fwhm (crystalline state) = 56
nm < fwhm (LC state) = 70 nm < fwhm (isotropic
state) = 76 nm. It is conceived that broadened
electron transition state distributions in various
states of molecular architectures will have larger
fwhm values, and this indicates that molecules
possess more types of twisted conformations at
higher temperatures. Because the blueshift of the
isotropic state having the lowest PL intensity
cannot be explained by the least aggregation of
the isotropic phase, therefore, the least coplanar
configuration with a wide distribution of confor-
mations (as well as conjugation) in the isotropic
phase may be more favorable for explaining the
blueshift and the reduction of the PL intensity
with the broadest fwhm value in the isotropic
state.

As we know, if a sample possesses an LC
phase, the LC phase can be aligned in a rubbing
cell. When the rubbing cell is parallel to the
polarizer, the conjugated core, which is aligned in
the rubbing direction, will also be parallel to the
polarizer at the same time. Therefore, a maxi-
mum PL emission can be observed when the
polarizer is in the parallel direction of rubbing,
and a minimum PL emission can be observed
when the polarizer is in the perpendicular direc-
tion of rubbing. The polarized PL of 11 in the LC
phase is shown in Figure 2. The polarization ratio
is defined as PL//PL, where PL| and PL, are the
maximum PL emission intensities as the polar-
izer is parallel and perpendicular to the rubbing
direction, respectively. Figure 3 shows the polar-
ization ratio and A,,.(PL) values of 11 in rubbing
cells at various temperatures. The polarization
ratio reaches a maximum value at the transition
of the crystalline phase to the mesophase upon
heating, and the polarization ratio decreases as
the temperature increases; this is similar to the
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Figure 2. PL spectra of 11 at 156 °C (in the nematic
phase).

behavior of the order parameter of the LC materi-
als upon heating. As mentioned previously, blue-
shifts in PL spectra can be observed upon heat-
ing, and this is due to the reduction of coplanar
configurations and conjugation lengths and thus
to larger energy gaps at higher temperatures.
Interestingly, the largest reduction of the Jnax
value and the largest increase in the polarization
ratio both occur at the transition temperatures
around heating into the mesophase, and this
illustrates that the alignment of the mesogenic
cores by the surface may cause twisted configura-
tions and noncoplanar conformations. The maxi-
mum polarization ratio and related optical prop-
erties [including HOMO/lowest unoccupied
molecular orbital (LUMO) energy levels, optical
band gaps, and PL quantum yield] of all the com-
pounds are shown in Table 6. The maximum
polarization ratio of 11 is 3.6 (also shown in Fig.
2), and the highest value of the polarization ratio
is 6.2 (found in 13). These values of oligomers are
generally higher (except for 14, for which the
polarization ratio is 2.5; this may be due to the
symmetrical, long, flexible chains on both the
sides and ends of the conjugated cores) than those
of polymers (polarization ratio = 1.6-3.1 for the
PBV series) because polymer chains cannot be
aligned completely in the rubbing direction
(because of the higher viscosity and entangle-
ment of polymer chains), and this induces the
reduction of the polarization ratios in the poly-
mers. Overall, the maximum polarization ratios
of PL emissions are not correlated to the lengths
of the side groups and end groups attached to the
cores.

The LUMO values, which are calculated from
the HOMO values (by AC-2) minus the optical
band gaps (by UV-vis), are also listed in Table 6.
The band gaps of the three-conjugated ring oli-
gomers (BIII series) are between 2.67 and 2.75 eV.
Compared with three-conjugated ring oligom-
ers, five-conjugated ring derivatives (BV oligom-
ers and PBV polymers) possess smaller band
gaps, between 2.51 and 2.57 eV, because of the
longer conjugated length of five-conjugated ring
derivatives, and thus generate longer wave-
lengths of PL and EL emissions. However, the
band gaps of five-conjugated ring oligomers and
analogous polymers are too indistinct to have
divergent PL and EL emissions. The PL quantum
yields (in solutions) of BIII oligomers, BV oligom-
ers, and PBV polymers (shown in Table 6) are
0.48-0.56, 0.84-0.95, and 0.65-0.99, respectively.
Oligomers and polymers of five-conjugated ring
derivatives have similar PL quantum yields.
Accordingly, five-conjugated ring derivatives (BV
oligomers and PBV polymers) have larger PL
quantum yields than three-conjugated ring BIII
oligomers, and this may be due to the longer con-
jugation lengths in five-conjugated ring systems.
The PL and EL spectra of analogous derivatives
6, 11, and 16 containing alkoxy groups (—OCs) of
the same length on both the sides and ends are
compared in Figures 4-6, respectively. For these
analogous derivatives, they induce variations of
the energy gaps and luminescence behavior. In
their solution and pure film states, two peaks
have been found in the PL spectra (shown in
Figs. 4 and 5) of oligomers 6 and 11, and a single
peak has been found in the PL spectra (shown in
Fig. 6) of polymer 16. Thus, more types of twisted
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Figure 3. Polarization ratio and 1,..(PL) values of
11 in rubbing cells at various temperatures.
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Table 6. Optical Properties of the BIII, BV, and PBV Derivatives

Maximum
HOMO/LUMO Band ® (PL)® @ (PL) Polarization
Compound (eV) Gap (eV)? (soln) (film) Ratio?
BIII-OMe (1) 5.63/2.92 2.71 0.30 0.34 NA
BIIIMe-OMe (2) 5.62/2.93 2.69 0.30 0.34 NA
BIIIOMe-OMe (3) 5.76/3.01 2.75 0.27 0.33 NA
BIIIOCs-OMe (4) 5.87/3.15 2.72 0.33 0.36 NA
BIIIOC,5-OMe (5) 5.70/2.95 2.75 0.26 0.31 NA
BIIIOCs-OCsg (6) 5.61/2.86 2.74 0.30 0.33 NA
BVOC,-OEh (7) 5.62/3.06 2.56 0.51 0.52 4.4
BVOC,4-0Cg (8) 5.45/2.89 2.56 0.50 0.52 3.9
BVOC4-0Cy5 (9) 5.61/3.05 2.56 0.48 0.50 5.0
BVOCs-OEh (10) 5.69/3.14 2.55 0.45 0.49 4.5
BVOCs-OCg (11) 5.58/3.07 2.51 0.52 0.52 3.6
BVOCs-0Cq5 (12) 5.74/3.23 2.51 0.49 0.52 4.8
BVOC,5-0Cs (13) 5.64/3.13 2.51 0.51 0.52 6.2
BVOC,,-0C;5 (14) 5.69/3.18 2.51 0.47 0.50 2.5
PBVOCs-0OCy (15) 5.98/3.42 2.56 0.40 0.46 1.6
PBVOCs-0OCg (16) 5.60/3.05 2.55 0.35 0.44 1.7
PBVOCs-0Cy5 (17) 5.59/3.03 2.56 0.43 0.46 2.1
PBVOCs-OEh (18) 5.68/3.11 2.57 0.53 0.48 3.1

2 Optical band gap obtained by UV-vis.

® PL quantum yield in solutions with a concentration of 107° M in dichloroethane and qui-

nine sulfate as the reference with a quantum yield of 0.54.

¢ PL quantum yield in films with a weight ratio of 1:100 (with PVK as the matrix) and

MEHPPYV as the reference with a quantum yield of 0.22.

4 NA = not available because there is no LC phase.
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conformations and conjugations or more aggrega-
tion, including vibronic motion, occurs in oligom-
ers than in polymers. As shown in Table 3, the
glassy state of reduced crystallinity in the PBV
polymers has been observed in their thermal
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Figure 4. PL and EL spectra of 6 (the PVK matrix
was used in the blend films; chromophore/PVK
= 1:100 wt %).

properties (all possess Ty between 54 and 85 °C)
and has also been confirmed by XRD measure-
ments (as glassy states with broadened peaks at
ca. 21°), so the polymers have less crystallinity
(i.e., less aggregation) than the oligomers.
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Figure 5. PL and EL spectra of 11 (the PVK matrix
was used in the blend films; chromophore/PVK
= 1:100 wt %).
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Figure 6. PL and EL spectra of 16 (the PVK matrix
was used in the blend films; chromophore/PVK
= 1:100 wt %).

Because of the poor film quality of these chro-
mophores, OPVs 1-14 and poly(p-phenylene-
vinylene)s 15-18 were doped into PVK to form
various blend films in a PVK matrix (chromo-
phore/PVK = 1:100 wt %). The EL spectra and
/max vValues of EL are also shown in Table 5 and
Figures 4-6. The current—voltage—luminescence
curves of the blend films containing 6, 11, and 16
are shown in Figure 7. Similar turn-on voltages
around 9-12 V have been obtained, and the blend
film containing three-conjugated ring oligomer 6
has the highest brightness of 120 cd/m?. Although
the highest brightness is only around 120 cd/m?
for these blend films, they can be further
improved to have a brightness greater than
50,000 cd/m? by the introduction of hole- and elec-
tron-transporting layers in the multilayer design.
Related results of various device configurations
and characteristics of the multilayer devices will
be deliberated in another report.

CONCLUSIONS

Mesomorphism has been introduced into the BV
series by the replacement of three-conjugated
rings with five-conjugated phenyl cores, and 11
has the most appropriate chain length on both
terminals (on both end rings) and sides (on the
central ring) of the conjugated core and thus has
the widest mesophasic range (105 °C on heating)
in the BV series. In comparison with three-conju-
gated ring BIII oligomers, five-conjugated ring
derivatives (BV oligomers and PBV polymers)

have larger A,.x values, that is, redshifted ab-
sorption, because of the smaller energy gaps of
longer conjugations in five-conjugated ring sys-
tems. Analogous polymers, that is, the PBV ser-
ies, containing various side groups have wider
mesophasic temperature ranges than those of
analogous oligomers because the rigid cores of
the polymer backbones are connected by the flexi-
ble alkoxy spacers, which enhance the mesogenic
longitudinal interaction in the nematic phase.
According to the A, values of PL emissions in
various phases (i.e., lnhax in the crystalline state
> Jmax In the LC state > An.. in the isotropic
state), the blueshifts of PL emissions may be due
to the reduction of coplanar configurations and
conjugation lengths via heating to the less
ordered phases. In addition, the polarization
ratios of PL emissions in various phases reach
the maximum values at temperatures just enter-
ing the nematic phase, and the PL polarization
ratios are reduced upon heating; this is similar to
the reduction of the order parameter upon the
heating of the LC phase. By the adjustment of
flexible alkoxy groups either on the central rings
or on both end rings of the conjugated cores, not
only the solubility and thermal properties
(including the phase behavior and phase-transi-
tion temperatures, i.e., T, and T}) but also the PL
and EL properties, including the /.., (LUMO,
HOMO, fwhm, and energy gap) values, turn-on
voltage, brightness, and quantum yield, of both
three-conjugated and five-conjugated ring deriva-
tives can be modified easily.
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Figure 7. Current-voltage-luminescence curves of
blend films containing 6, 11, and 16 in the PVK
matrix (chromophore/PVK = 1:100 wt %). The lines
(solid, dotted, and dashed—dotted) are current—voltage
curves, and the shapes (squares, circles, and trian-
gles) are luminescence—voltage curves.
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