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We present two series of new 6,6'-distyryl-3,3'-bipyridine derivatives synthesized via a
Knoevenagel condensation reaction of 6,6'-dimethyl-3,3'-bipyridine in the first series, and
5,5',6,6'-tetramethyl-3,3'-bipyridine in the second one, with aromatic aldehydes para-
substituted with electron donor or acceptor groups. These molecules were characterized by
spectroscopic methods (NMR, UV—vis, photoluminescence), and cyclic voltammetry. Some
compounds were found to exhibit thermotropic liquid crystalline (LC) phases, whose
structures were analyzed by DSC and optical microscopy. The effects of molecular design
on the mesogenic behavior, redox potentials, and fluorescence (nature and lifetimes of the
excited states) were investigated. The high degree of conjugation and the mesogenic character
of these molecules can lead to nonlinear optical (NLO) applications for the “push—pull”
compounds. Absorption in the UV range and high fluorescence are other characteristics of
some members of this group. The latter property, associated with high electron affinity,
opens up light-emitting diode (LEDS) applications.
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1. Introduction

sm-Conjugated organic compounds have emerged as a
promising class of advanced materials because of their
large and fast second-order and third-order optical
nonlinearities,* and/or of their fluorescence efficiency
and semiconducting properties which have been ex-
ploited most notably in the development of efficient light
emitting diodes (LEDs).5 In all cases, the strong coupling
between geometry and electronic structure is the source
of the fascinating physics of these z-conjugated mole-
cules and macromolecules.®

More precisely, large second-order optical nonlinearity
is exhibited by noncentrosymmetric s7-conjugated mole-
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cules containing an electron-acceptor group and an
electron-donor group connected by an electron transmit-
ting bridge. The z-conjugated cores are usually unsatu-
rated moieties such as polyenes, stilbenes, and tolanes,
or five-membered heteroatomic rings, such as thiophene.”
Molecular configuration, variation in the relative
strengths of the donor and acceptor groups, conjugation
length, and nature of the z-electron system have well-
established effects on the value of the first hyperpolar-
izability 3.8710 For the successful construction of efficient
polymer-based second-order nonlinear optical (NLO)
materials, the crucial synthetic challenge is to maximize
the number density of constituent high-3 chromophore
units while inducing and stabilizing maximum acen-
tricity (unidirectional alignment) of the microstructure.
In this regard, considerable progress has been made in
the area of poled NLO polymers. The field has rapidly
progressed from the first chromophore—polymer guest—
host systems, to chromophore-functionalized side-chain
polymers (SCPs). Recent investigations'*~1° have dem-
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onstrated that large second-order NLO effects can be
obtained from side-chain polymers in which the NLO
moieties possess the mesogenic properties by them-
selves,15720 leading to efficient side-chain liquid crystal
polymers (SCLCPs). It is noticeable that the factors
which enhance the second-order NLO activity of the
molecules (high axial ratio, planarity, charged end
groups) are essentially the same which favor the liquid
crystal properties in low molar mass compounds.
Another interesting field of conjugated materials
appears when considering the recent development of
polymer-based LEDs.2! In this connection, the interest
for the modification of the conjugated backbones by
chemical derivatization with s-electron donor and/or
acceptor groups was recently underlined. The substitu-
tion allows an efficient control of the electronic param-
eters which are of importance for determining the device
and the light emission characteristics, namely the band
gap, the ionization potential and the electron affinity.
For example, simultaneous derivatizations by alkoxy
groups on the phenyl rings and cyano groups on the
vinylene units of poly(paraphenylene vinylene) were
found to increase significantly the electron affinity of
the polymer.2-22 This allows the electrodes made from
air-stable metals such as aluminum to be used for
electron injection, while decreasing the ionization po-
tential. In this connection, recent results demonstrate
that because the high-electron affinity of the pyridine
ring, pyridine-based conjugated polymers can also be
used in LEDs made from environmentally stable metal
electrodes.?3-28 Conjugated low molar mass oligomers
possessing well-defined conjugation lengths and struc-
tures also have been the subject of increasing attention
in the last years because of their ability to give high
purity films by vacuum deposition293 and also because
they can serve as model systems for understanding the
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relationships between bulk material properties and
molecular structures in the parent polymers.26:31

As evidenced from the above narrative, it is a chal-
lenge for the chemist to design conjugated molecules
possessing mesogenic properties by themselves, as well
as high electron affinity, and presenting intramolecular
charge transfer state. This affords the opportunity for
a fine-tuning of the system properties. The aim of the
present work is to propose a new efficient s-conjugated
core and the associated synthetic pathway to enlarge
the number of available compounds.

In this field, we have described, in a previous paper,32
a strategy to synthesize by means of the Knoevenagel
condensation:

H

— | —
Q \ N N + H,O

a series of 6,6'-distyryl-3,3'-bipyridine derivatives (A1—
5) (see Tables 1—3 for structures) as a new class of liquid
crystalline conjugated molecules. These compounds are
prepared by reaction of 6,6'-dimethyl-3,3'-bipyridine
(A0) with aromatic aldehydes, e.g., thiophene or benzene
rings substituted with electron acceptor or donor groups.
These preliminary results have shown that these com-
pounds exhibit, in addition to mesomorphism, absorp-
tion in the UV spectral range, and, in solution, intense
emission in the blue region.

The major interests for liquid crystals and side-chain
liquid crystal polymers are motivated by their sponta-
neous tendency to a high degree of axial ordering and
consequently their easy coupling to an external
field, 183334 more particularly in the case of the less
viscous smectic A and nematic phases. However, all the
previously investigated compounds exhibit mesophases
with high transition temperatures. Especially, nematic
phases occur at temperatures not very far from degra-
dation or sublimation points. To favor the occurrence
of the highly fluid nematic phase, we have to lower the
transition temperatures to prevent any thermal degra-
dation during macroscopic alignments of liquid crystals.

In the present work, to achieve this goal, methyl
groups have been introduced, as lateral substituents
into the pyridinic rings of the molecules of the A series
into the 5 and 5'-positions of the 6,6'-dimethyl-3,3'-
bipyridine, giving the homologous series B. In this
paper, we report the synthesis of a series of 5,5'-
dimethyl-6,6'-distyryl-3,3'-bipyridine derivatives (B1—
5) (see Tables 1—3 for structures) and compare the
mesogenic, electrochemical, and photophysical proper-
ties for the two series of molecules (A1—5 and B1-5).
They were characterized by means of 'H and 13C NMR
spectroscopies, differential scanning calorimetry (DSC),
optical microscopy, X-ray diffraction, cyclic voltametry,
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and UV—visible and fluorescence spectroscopies. Spe-
cific properties which are of interest are (i) the changes
in the thermal transitions and liquid crystalline behav-
ior, (ii) redox potentials (used to estimate the relative
ionization potentials and electron affinities), and (iii) the
following optical properties: absorption and emission
spectra (both in solution and in solid state), Stokes
shifts, emission quantum yields, and lifetimes of the
excited states. Solvatochromic effects on fluorescence
have been also investigated, to evidence intramolecular
charge transfer. In all cases the properties were ana-
lyzed and discussed in terms of nature of the conjugated
core and end-substituent effects.

2. Experimental Section

2.1. Reagents. Standard methods have been used to
synthesize 2-methyl-5-bromopyridine®® and 2,3-dimethyl-5-
bromopyridine.®® Benzoic anhydride, benzaldehyde, 4-cyano-
benzaldehyde, 4-hexyloxybenzaldehyde, and 2-thiophenecar-
boxaldehyde (all from Aldrich) were used without further
purification.

2.2. Syntheses. The syntheses and analytical characteris-
tics of 6,6'-dimethyl-3,3'-bipyridine, and of compounds A1-5
have been previously reported.®?

5,5',6,6'-Tetramethyl-3,3'-bipyridine (B0). A total of 14.16 g
of nickel(ll) chloride hexahydrate (60 mmol), 62.4 g of tri-
phenylphosphine (240 mmol), and 300 mL of N,N-dimethyl-
formamide were introduced into a three-necked flask fitted
with a condenser, a dropping funnel, and an argon inlet. The
resulting deep blue solution was then stirred for 1 h at 50 °C,
and 3.84 g of zinc powder (60 mmol) was added. After 1 h, the
color of the reaction mixture has changed to red brown. A total
of 11.16 g of 2,3-dimethyl-5-bromopyridine (60 mmol) was then
added, and the reaction progress was monitored by steric
exclusion chromatography (SEC). After 10 h, 2,3-dimethyl-5-
bromopyridine was consumed. The mixture was cooled to room
temperature, then poured into 600 mL of a dilute ammonia
solution, and extracted four times with dichloromethane (4 x
120 mL). The resulting organic phase was extracted with a 2
M HCI solution (3 x 150 mL). The aqueous phase was made
alkaline with a 4 M NaOH solution, and the reaction product
was extracted with dichloromethane (3 x 120 mL). The organic
phase was washed with water. After evaporation, 5.2 g of a
crude product was obtained and purified by vacuum sublima-
tion. A total of 4.8 g (23 mmol) of pure 5,5',6,6'-tetramethyl-
3,3'-bipyridine (B0) was obtained as a white pinkish powder
(yield 76%): mp 218 °C; *H NMR (CDCls)  [ppm] 2.34 (s, 6H),
2.53 (s, 6H), 7.56 (d, 2H, “J(H,H) = 2.15 Hz), and 8.50 (d, 2H,
4J(H,H) = 2.15 Hz); 3C NMR (CDCls) 6 [ppm] 19.2, 22.3, 131.2,
131.5, 135.3, 144.5, and 156.5. Anal. Calcd for Ci4H1sN2: C,
79.21; H, 7.6; N, 13.2. Found: C, 79.46; H, 7.58; N, 12.96.

5,5'-Dimethyl-6,6'-distyryl-3,3'-bipyridine (B1). A total of
3.18 g (15 mmol) of 5,5',6,6'-tetramethyl-3,3'-bipyridine (BO),
6.5 g (63 mmol) of benzaldehyde, and 7.9 g (35 mmol) of benzoic
anhydride were introduced into a three-necked flask fitted with
a condenser, a dropping funnel, and an argon inlet. The
mixture was then stirred at 150 °C, and the reaction’s progress
was monitored by SEC. After 4 h, 5,5',6,6'-tetramethyl-3,3'-
bipyridine was consumed. The mixture was cooled to room
temperature and washed with a 2 N NaOH solution to
eliminate excess of benzoic anhydride and acid formed during
the reaction. The crude product was crystallized twice from
ethanol. A total of 2.67 g (6.9 mmol) of 5,5-dimethyl-6,6'-
distyryl-3,3'-bipyridine was obtained as yellow powder (yield
46%): mp 211.5 °C; 'H NMR (CDCl3) 6 [ppm] 2.53 (s, 6H),
7.32 (d, 2H, 2J(H,H) = 7.30 Hz), 7.38 (d, 2H, 3J(H,H) = 15.6
Hz), 7.39 (dd, 4H, 3J(H,H) = 7.3 Hz, 3J(H,H) = 7.3 Hz), 7.63
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(d, 4H, 3J(H,H) = 7.3 Hz), 7.67 (d, 2H, “J(H,H) = 2.15 Hz),
7.86 (d, 2H, 2J(H,H) = 15.6 Hz), and 8.73 (d, 2H, 4J(H,H) =
2.15 Hz); 3C NMR (CDCls) 6 [ppm] 19.0, 123.5, 127.2, 128.3,
128.7,130.8, 131.5, 134.1, 136.0, 137.0, 145.2, and 152.9. Anal.
Calcd for CosH24N2: C, 86.56; H, 6.23; N, 7.21. Found: C, 86.51;
H, 6.28; N, 7.21.

5,5'-Dimethyl-6,6'-bis(2-thienyl vinylene)-3,3'-bipyridine (B2).
This compound was prepared by the same procedure, but from
2-thiophenecarboxaldehyde (yield 40%): mp 175 °C; 'H NMR
(CDCl3) 6 [ppm] 2.50 (s, 6H), 7.04 (dd, 2H, 2J(H,H) = 5.1 Hz,
3J(H,H) = 3.44 Hz), 7.17 (d, 2H, 3J(H,H) = 15.6 Hz), 7.22 (d,
2H, 3J(H,H) = 3.44 Hz), 7.27 (d, 2H, 3J(H,H) = 5.1 Hz), 7.65
(d, 2H, 4J(H,H) = 2.28 Hz), 7.98 (d, 2H, 3J(H,H) = 15.6 Hz),
and 8.69 (d, 2H, 4J(H,H) = 2.28 Hz); 1*C NMR (CDCls) 6 [ppm]
19.0, 122.5, 125.4, 126.9, 127.7, 128.0, 130.5, 131.1, 135.8,
142.4, 144.9, and 152.4. Anal. Calcd for Co4H20N,S,: C, 71.97;
H, 5.03; N, 6.99; S, 16.01. Found: C, 71.94; H, 5.04; N, 7.02.

5,5'-Dimethyl-6,6'-bis(4-cyanostyryl)-3,3'-bipyridine (B3). This
compound was prepared by the same procedure, but from
4-cyanobenzaldehyde (yield 86%): 'H NMR (CDCIs3) 6 [ppm]
2.56 (s, 6H), 7.49 (d, 2H, 3J(H,H) = 15.34 Hz), 7.68 (s, 4H),
7.69 (s, 4H), 7.72 (d, 2H, “J(H,H) = 2.56 Hz), 7.87 (d, 2H,
3J(H,H) = 15.34 Hz), 8.75 (d, 2H, “J(H,H) = 2.56 Hz); 13C NMR
(CDClg) 6 [ppm] 19.0, 111.3, 118.5 (CN), 118.9, 126.6, 127.4,
131.4,131.9,132.3,136.1, 141.2, 145.2, and 151.7. Anal. Calcd
for CsoH22N4: C, 82.17; H, 5.06; N, 12.78. Found: C, 82.18; H,
5.12; N, 12.70.

5,5'-Dimethyl-6,6'-bis(4-hexyloxystyryl)-3,3'-bipyridine (B4).
This compound was prepared by the same procedure, but from
4-hexyloxybenzaldehyde (yield 42%): *H NMR (CDCls) 6 [ppm]
0.91 (t, 6H, 2J(H,H) = 6.75 Hz), 1.34 (m, 8H), 1.45 (m, 4H),
1.8 (m, 4H), 2.51 (s, 6H), 3.98 (t, 4H, 3J(H,H) = 6.75 Hz), 6.92
(d, 4H, 3J(H,H) = 8.64 Hz), 7.24 (d, 2H, 3J(H,H) = 15.5 Hz),
7.56 (d, 4H, 3J(H,H) = 8.64 Hz), 7.65 (d, 2H, *J(H,H) = 2.0
Hz), 7.81 (d, 2H, 3J(H,H) = 15.5 Hz), and 8.71 (d, 2H, 4J(H,H)
= 2.0 Hz); 3C NMR (CDCls) 6 [ppm] 14.0, 19.0, 22.5, 25.6,
29.1, 31.6, 68.0, 114.6, 121.2, 128.5, 129.4, 130.3, 131.0, 133.5,
135.8, 144.9, 153.0, and 159.4. Anal. Calcd for C4oHsN,0,: C,
81.59; H, 8.22; N, 4.76; O, 5.43. Found: C, 81.63; H, 8.24; N,
4.70.

5,5'-Dimethyl-6-(4-cyanostyryl)-6'-(4-hexyloxystyryl)-3,3'-bi-
pyridine (B5). This compound was prepared by the same
procedure, but the synthesis was conducted in two steps, with
equimolecular proportion of, successively, 4-cyanobenzalde-
hyde and 4-hexyloxybenzaldehyde. The intermediate com-
pound resulting from the condensation of 5,5',6,6'-tetramethyl-
3,3'-bipyridine with 4-cyanobenzaldehyde (1/1 mol/mol) was
isolated by dissolution in ethanol and purified before the
condensation with 4-hexyloxybenzaldehyde (1/1 mol/mol) (yields:
stepl, 35%; step 2, 53%): *H NMR (CDClz) 6 [ppm] 0.91 (t,
3H, 3J(H,H) = 6.8 Hz), 1.35 (M, 4H), 1.47 (m, 2H), 1.8 (m, 2H),
2.52 (s, 3H), 2.55 (s, 3H), 3.99 (t, 2H, 3J(H,H) = 6.8 Hz), 6.92
(d, 2H, 33(H,H) = 8.6 Hz), 7.23 (d, 1H, 3J(H,H) = 15.6 Hz),
7.48 (d, 1H, 3J(H,H) = 15.6 Hz), 7.56 (d, 2H, 3J(H,H) = 8.6
Hz), 7.68 (m, 6H) [7.66 (d, *J(H,H) = 2.1 Hz) —7.67 (s) — 7.68
(s) —7.70 (d, “2J(H,H) = 2.1 Hz)], 7.82 (d, 1H, 3J(H,H) = 15.6
Hz), 7.85 (d, 1H, 3J(H,H) = 15.6 Hz), 8.71 (d, 1H, *J(H,H) =
2.1 Hz), and 8.74 (d, 1H, 4J(H,H) = 2.1 Hz); 33C NMR (CDCls)
o [ppm] 14.0, 18.9, 19.0, 22.5, 25.6, 29.2, 31.6, 68.1, 111.1,
114.5, 118.5 (CN), 118.7, 120.8, 126.8, 127.4, 128.5, 129.3,
130.3, 130.5, 131.3, 131.6, 132.3, 133.8, 135.8, 135.9, 141.3,
1449, 145.2, 1515, 153.5, and 159.4. Anal. Calcd for
CssH3sN3O: C, 81.84; H, 6.87; N, 8.18; O, 3.11. Found: C, 81.79;
H, 6.88; N, 8.22.

Techniques. Nuclear Magnetic Resonance (NMR) Spec-
troscopy. *H and '3C NMR spectra were recorded on a Varian
Unity 300 spectrometer operating at 299.95 and 75.144 MHz,
respectively. Chloroform-d (CDCI;3) was used as solvent, and
tetramethylsilane (TMS) as internal standard.

Thermal Analysis. The transition temperatures were meas-
ured using a differential thermal analyzer (Dupont 1090)
operating at 20 °C/min under nitrogen.

Phase Behavior. Optical textures were observed under a
polarizing microscope (Olympus BHA-P) equipped with a
Mettler FP52 hot-stage and FP 5 control unit, or a Leitz 350
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microscope (Ernst Leitz, Wetzlar) for observations in the
temperature range 300—350 °C.

Optical Spectroscopies. The UV—visible absorbance spectra
for compounds A1-5 and B1-5 were obtained from their
solutions in a toluene/acetonitrile (50/50 v/v) mixture using a
Lambda 18 UV-—vis spectrometer (Perkin-Elmer). A 1-cm
quartz cell was used. The concentrations were chosen so that
appropriate absorbance values (0.1 to 0.2) were obtained at
Amax- The fluorescence and excitation spectra were obtained
from the same solutions, using a Aminco S.L.M. 8100 lumi-
nescence spectrometer. Fluorescence quantum yields were
measured in toluene/acetonitrile (50/50 v/v) solutions by
comparison with the emission of quinine sulfate for which a
value 0.55 has been taken.®” Quantum yield were not corrected
for the change in refractive index between the toluene/
acetonitrile (50/50 v/v) solutions and aqueous sulfuric solution.
The energy of the 0,0 transitions (Eop) was taken as the
crossing point of the excitation and absorption spectra. Solid-
state product was excited with polarized light; polarized
emission was collected across a simple monochromator.

Cyclic Voltammetry. Electrochemistry experiments were
performed with a three-electrode setup using a platinum
counter electrode and a reference electrode. The reference
electrode was an aqueous saturated calomel electrode with a
salt bridge containing the supporting electrolyte. The working
electrode was either disk of glassy carbon (diameter 0.8 mm,
Tokai Corp.), gold (diameter 1 mm), or platinum (diameter 1
mm). The working electrodes were carefully polished before
each set of voltammograms with 1 um diamond paste and
cleansed in an ultrasonic bath with dichloromethane. The
electrochemical instrumentation consisted of a PAR model 175
Universal programmer and of a home-built potentiostat
equipped with a positive feedback compensation device.®® The
data were acquired with a 310 Nicolet oscilloscope. The
potential values were internally calibrated against the fer-
rocene/ferricinium couple (E° = 0.405 V vs SCE) for each
experiment. All the cyclic voltammetry experiments were
carried out at 20 °C using a cell equipped with a jacket
allowing circulation of water from the thermostat. Oxygen was
removed from all solutions by bubbling argon. The solvent was
a toluene/acetonitrile mixture (50/50 v/v) and the supporting
electrolyte was tetrabutylammonium tetrafluoroborate (Fluka,
Puriss) at a concentration of 0.1 mol L. Acetonitrile was from
Merck (Uvasol quality less than 0.01% of water), and toluene,
from Prolabo (R. P. Normapur).

3. Results and Discussion

3.1. Synthesis. The chromophores were obtained by
Knoevenagel condensation, under acidic conditions, of
1 mol of A0 (B0) with 2 mol of the appropriate aldehyde,
leading to A1—4 (B1—4). The synthesis of the unsym-
metrically disubstituted molecules (A5 and B5) required
two steps: (i) condensation of A0 (B0) with 4-cyanobenz-
aldehyde (1/1 mol/mol) and then (ii) condensing the
intermediate compound with 4-hexyloxybenzaldehyde
to yield A5 (B5). The compounds were characterized and
identified by 1H and 13C NMR spectroscopies and found
to be analytically pure by elemental analyses.

In the case of the 6,6'-dimethyl-3,3'-bipyridine, the
Knoevenagel-type condensation is made possible by
activation of the methyl groups resulting from their
ortho position with respect to the nitrogen atom. Con-
cerning the 5,5',6,6'-tetramethyl-3,3'-bipyridine, note
that only the 6,6'-methyl groups are involved in the
condensation; the methyl groups in the meta position
with respect to the nitrogen atom are not being acti-
vated.

(37) Melhuish, W. H. J. Phys. Chem. 1961, 65, 229.
(38) Garreau, D.; Savéant, J.-M. J. Electroanal. 1972, 35, 309.
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In all cases the trans stereochemistry of the double
bond was well established by the coupling constant of
the vinylic protons in the *H NMR spectra (J3yy = 15—
16 Hz).

3.2. Mesomorphic Behavior. All the compounds
were examined by DSC and phase assignments are
based on powder X-ray diffraction (only for A1-5) and
polarizing optical microscopy. The transition tempera-
tures and the textures observations are listed in Table
1.

As detailed in the previous work,32 A1—-5 form meso-
phases which were all identified. For example, Al has
smectic A (Sa), nematic (N), and isotropic (I) phases,
occurring at 240, 282.7, and 315.1 °C, respectively.
Texture observation of this compound, under a polar-
izing microscope, shows, above the melting point, a
typical focal—conic fan texture and a Schlieren texture,
respectively for the Sa and N phases. Compounds A2—4
exhibit many crystalline modifications, not reported
here.32 The very powerful effect of the cyano and
n-hexyloxy terminal groups in promoting nematic and
smectic phase formation respectively, according to the
literature,® is clearly evidenced with compounds A3 and
A4. This is highlighted by the fact that the unsym-
metrically para-disubstituted molecule A5 exhibits, in
addition to a crystalline phase, two smectic phases (Sg
and Sp) and a nematic phase. The measurements
reported in Table 1 indicate that all compounds exhibit
mesophases whose transition temperatures are very
high, more particularly for smectic A and nematic
phases (=230 °C). Furthermore, the isotropization tem-
peratures are above 290 °C in all cases.

Liquid crystalline properties of the new compounds
B1-5 are also reported in Table 1. B1—2 do not exhibit
any mesogenic behavior. The clearing temperatures of
these two compounds, 211 and 175 °C respectively, are
lower than for the analogous A1—2 molecules, 315 and
291 °C, respectively. In contrast, compounds B3—5
demonstrate LC phases. Texture observation by polar-
izing microscopy indicates that they all form only
enantiotropically nematic Schlieren textures in the LC
range. For example, B4 is purely nematogenic, whereas
the parent A4 is purely smectogenic. The N/I transition
occurs at 174 °C for B4, while the isotropization tem-
perature for A4 is undetected up to ~315 °C, temper-
ature at which sublimation and degradation occur. B5
also possesses only a nematic phase, which is also the
broadest. Comparison of the thermal behavior of B5
with analogous structure A5, which exhibit smectic and
nematic phases, indicates that B5 has lower transition
temperatures and less LC stability. B3 displays a K/N
transition at higher temperature (345 °C) than A3 (311
°C), but the thermal stability of the N phase cannot be
evaluated because degradation occurs before isotropiza-
tion, as for A3.

Comparison of the liquid crystal transition tempera-
tures for compounds B1-5, with those of their homolo-
gous Al-5 indicates that 5,5-methyl substituents
markedly decrease liquid crystal thermal stabilities:
smectic phases are suppressed; the nematic phase

(39) Gray, G. W. In Influence of Composition and Structure on the
Liquid Crystals formed by Non-Amphiphilic Systems, in Liquid
Crystals; Gray, G. W., Winso, P. A., Eds.; Ellis Horwood Limited:
Chichester, 1974; pp 103—152.
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Table 1. Phases Transitions of Compounds A1-5 and B1-5¢
Compound Transition temperature (°C)
Se S Sc S, N 1
a)
N
Al O r NN 240 * 2827 ° 315.1°
S0
CH;
Bl @W PN/ N\ 2115 °
H,C
s a)
A2 ()~ /M \ 263.4 * 2913 *
_ N s
B2 s CH,
N *
an "\ 175
- — .
H;C
a)
SO W 311.9 *>3500 *
CH;
_ =N CN
HiC
a)
A4 TGO Q PN/ 1643 * 204 * 2511 ° >3159°
— _N Q OCQH].‘,
CH;
B4 H;,CeO /N A\ 7\ 130 ¢ 174.4 ¢
H;C
AS % 1207 *  185- 205 ° 233.7 * 3025
CH;
BS NCO_\/N\/\ 176 * 232 °

a See ref 32. P Degradation and sublimation occur at and above. ¢ Abbreviations: K, solid crystal; Sx, smectic X; N, nematic; I, isotropic

liquid.

stability is substantially decreased. The reason for this
is probably that the weakly dipolar lateral substituent
CH3; broadens the molecule and reduces the tendency
of the compound to form liquid crystals.3%40 This effect
is more pronounced for molecules such as B1 and B2
which do not exhibit mesophases. This is probably due
to the fact that they do not bear terminal substituents
which favor the formation of smectic or nematic meso-
phases.

3.3. Optical Study. Absorption spectra were meas-
ured in ethyl acetate (AcOEt), DMF, and in toluene/

(40) Coates, D. In Liquid Crystals, Applications and Uses; Bahadur,
B., Eds.; World Scientific: Singapore, 1990; pp 92—137.

acetonitrile mixture (TA) (50/50 v/v). AcOEt and DMF
were selected for their very different dielectric constants
(eacoet = 6.0, epmre = 36.7) and TA to compare the results
obtained in the optical and electrochemical studies,
more particularly energy gaps. Photoluminescence ex-
periments have been carried out for all compounds in
AcOEt, DMF, TA, and in the solid state. For unsym-
metrically disubstituted derivatives (A5 and B5), fluo-
rescence was also performed in pure solvents with
different polarity.

3.3.1. Optical Study in Solution. Representative ab-
sorption and emission spectra for A1-5 in TA are
reported in Figure 1. The absorption and fluorescence
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Figure 1. Absorption and emission spectra of Al—5 in
toluene/acetonitrile mixture (50/50 v/v). Intensities of spectra
have been normalized to the same value.

spectra exhibit the same features for the two A and B
series regardless of the solvent polarity and show no
significant shift of the absorption and emission maxima
(A%max and A%nax) excepted a large solvatochromic effect
observed for the emission for A5 and B5 (see below).
All the optical data for A1-5 and B1—5, measured in
TA, are summarized in Table 2.

All the compounds, as shown in Figure 1, exhibit
essentially the same absorption profile: an intense, low-
lying (near UV region), and structureless absorption
band. The large molar absorption coefficients (=30 000
L mol~! cm™1) are indicative of highly z-conjugated
systems. Photoluminescence is observed for all the
compounds in solution. The salient feature of the
emission spectra is the appearance, for A1, B1, A3, and
B3, and the absence for the other chromophores, of a
structured emission. The energy of the emission maxima
of A5 and B5 depends strongly on solvent polarity as
shown in Figure 2. The only noticeable variations in
absorption and emission maxima are (i) a red shift of
the maxima wavelengths for compounds A2—4 and
B2—4 compared to those of A1 and B1 respectively
(AAmax = 10—20 nm), and (ii) a bathochromic shifts of
Amax for chromophores of series A compared to those of
series B respectively (Admax = 5—10 nm) as presented
in Figure 3 for A3 and B3. Such a red shift is consistent
with the fact that the donating and withdrawing sub-
stituents of the pyridinic ring enhance the s-electron
delocalization along the unsaturated system. As shown
from the comparisons of A4, A2, and B2 with A1, which
absorb at 373, 377, 382, and 355 nm respectively, all
the factors reinforcing the electronic density on the
pyridinic ring (donor strength of the substituent: n-
hexyloxy, or thienyl ring, or methyl lateral substituent)
increases the values of the maxima wavelengths.

In addition to the effects on the absorption and
emission energies, the nature of the conjugated core and
of the end substituents also influences the emission
band shape, Stokes shift, quantum yield (®f), and
lifetime (z5) of the chromophores.

Attias et al.

As shown in Figure 1, the asymmetric structured
emission profile of Al, with shoulders separated from
the emission maximum by ~1100—1600 cm™1, is not a
mirror image of his structureless absorption spectrum.
This suggests that the molecule is more planar in the
excited state than in the ground state. If end dicyano
substitution has no effect on the structured emission
profile and lifetime of the excited state (1 ns), it
increases the fluorescence quantum yield: 72% for A3
as compared to 62% for Al. By another way, the di-n-
hexyloxy substitution (see compound A4) or the replace-
ment of the phenyl ring by a thienyl one (see compound
A2), induces (i) a loss in the vibrational structure of the
emission band with an increase of the Stokes shift, and
(ii) a drastic decrease of the quantum yield (from 27 to
9.5%) and lifetime (from 0.77 to 0.47 ns) of the excited
states for A4 and A2, respectively. Since the Stokes shift
is usually dependent on the solvent and the structural
relaxation of the excited molecule, the solvent effect
suggests that the charge distribution is more dissym-
metric in the excited state and consequently that the
dipole moment is larger for A4 and A2 than for Al and
A3. Assuming that the electronic delocalization takes
place over the molecule half between the pyridine and
the end substituent, stabilization of the excited state
depends on the strength of the donor: the stronger the
donor, the greater the charge transfer between itself and
the pyridine acceptor. Lower values of quantum yields
for B4 and B2 (16 and 4% respectively) compared to
those of A4 and A2 (27 and 9.5% respectively) confirm
this hypothesis: introduction of the methyl group (donor
character) as lateral substituent on the pyridinic ring
increases even more the electronic density on the
pyridinic ring. From these results, it can be deduced
that the nonradiative deactivation processes of sym-
metrical molecules would be dependent on the electronic
density of the pyridinic ring.

In the case of the donor—acceptor end-substituted
chromophores (A5 and B5), they display a broad and
structureless longer wavelength fluorescence band. A
large shift (~4500 cm™1) in the position of the fluores-
cence maximum is also observed by varying the solvent
polarity when dioxane is replaced by DMSO. The large
solvatochromic effect is compatible with an emission
originating from an intramolecular charge-transfer
(ICT) state involving charge separation within the whole
molecule. In this case, one electric charge is transferred
from the donor moiety (n-hexyloxy) to the acceptor part
of the molecule (cyano). Compared to symmetrical
molecules, the charge localization is different: it occurs
on the whole molecule, inducing consequently a larger
dipole moment for the excited state.

Two other characteristics of the fluorescence of A5
and B5 are their high fluorescence quantum yield (50%)
and long lifetime (2 ns) as compared to the correspond-
ing values of the other chromophores. These data could
be explained by a stabilization of the ICT state, which
would involve structural modifications, such as rotations
around molecular bonds. All these experimental results
suggest that fluorescence occurs from a “twisted intra-
molecular charge transfer” (TICT) state for A5 and B5,
from a locally excited state with a planar geometry for
the other symmetrical compounds. Note that A5 and B5
possess the same fluorescence quantum yield; this fact
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Table 2. Optical Data of the Studied Compounds in a Toluene/Acetonitrile Mixture (50/50 v/v)

Compound Absorption Emission Optical
gap
Amax Amax Stokes Shift ¥ 173 kf
(nm) (nm) (nm) (%) (ns) (10 ps)-1
Emax Emax Eg.p
(eV) (e¥) (eV)
Al Q PN/ Q 355 405 2) 50 62 098 63
== =N
3.50 3.08 3.20
< CH;
Bl N 364 415 2) 51 58 1.07 54
H,C 3.41 3.00 32
S
A2 W, I/ N\ A 377 4323) 55 9.5 0.47 20
— =N
s 3.29 2.93 , 3.02
B2 s N &
\_/ N/ \
— B 382 4402) 58 4 0.39 10
S
HC
3.25 2.81 2.95

A3 ”CO‘\ PN/ 365 416 9) 51 72 10 7
3.39 3.02 3.12

B
’ ”C I/ \

N Q o 375 4282) 53 71 1.16 61
HiC
3.3] 2.91 3.03
A4 HiCO PN/ N\ 373 434 61 27 077 35

— =N \—Q*OCGHM
3.32 2.92 3.03

CH;
B4 huc0 M\ /N 378 440 62 16 0.68 23

4
— =N ¥<;>—oce.ﬂu
3.28 2.80 2.98

H;C

AS NC‘@‘\ PN/ N\ 371 513 142 50 194 29
' = =N OCeHy;
3.34 2.45 3.03
BS
NC—@ A 379 520 146 s1 201 2

= =N s 307 242 2.94

a Only the wavelength of the highest energy shoulder is reported.



468 Chem. Mater., Vol. 12, No. 2, 2000

——— dioxane

—— chlorobutane
---- tetrahydrofuran
—s— 1,2 dichloroethane
— acetonitrile
dimethylsul foxyde

intensity (a.u.)

Attias et al.

T T T T T T
12 14 16 18

T
20 22 24 26 28

wavenumber (x 103cm™7)

Figure 2. Solvent effect on the emission spectra of A5.

—a— A3

u.)

intensity (a.

1 1 i 1 n L L J
300 350 400 450 500 550 600
wavelength (nm)

Figure 3. Comparison of the absorption and emission spectra
of A3 and B3 in toluene/acetonitrile mixture (50/50 v/v).
Intensities of spectra have been normalized to the same value.

confirms that their spectroscopic properties depend
more on the end substituents than on the electronic
density on the pyridinic ring.

Finally, the optical energy gaps Eopo determined by
the 0,0 electronic transition energies are reported in
Table 2. The gap is substantially decreased by the
introduction of terminal or lateral substituent group.
As Eqp is primarily governed by the conjugation length
in the molecule, these results indicate an increase of
the conjugation along the molecule backbones. The
cyano group induces a lower effect than the donor
groups as previously observed in the absorption and
fluorescence measurements. Similarly a higher delocal-
ization occurs when passing from phenyl- to thienyl-
rings. For all the considered chromophores, the lateral
methyl substituents on the pyridine induce a strong
decrease of the optical gap.

3.3.2. Optical Study in Solid State. Photoluminescence
experiments were carried out on powder. All compounds
were examined, excepted A2 and B2 which exhibit low
fluorescence quantum yield in solution. The emission
spectra of Al, A3, A4, and A5 in ethyl acetate (nonpolar
solvent) and in solid state, are given in Figure 4 a and
b, respectively.

u.)

intensity (a.

T - T T T
400 500 600 700

wavelength (nm)

Figure 4. Comparison of the emission spectra of Al, A3, A4,
and A5 in (a) ethyl acetate solution and (b) in solid state.

The first point evidenced in Figure 4 is that all the
compounds display a red shift of their emission maxima
on going from solution to the solid state. The second
point is the existence of a structured emission for Al
and A3, as observed in solution. Al exhibits a strong
bathochromic shift (~6000 cm~1) and a more structured
emission profile than in solution, with well-defined
features having a ~1200 cm~! energy separation. The
large value of the observed shift can be identified as a
Davydov shift, i.e., a splitting arising from the interac-
tions between crystallographically nonequivalent mol-
ecules.*r A3, A4, and A5 give emission spectra red-
shifted approximately 60, 15, and 25 nm, with poorer
resolution. Except for B1, the introduction of the methyl
lateral substituent on the pyridine, does not induce
significant changes in the emission spectra. On the
contrary, the shift is smaller for B1 compared to Al,
and also the emission spectra is less structured for B1

(41) Wright, J. D. Molecular Crystal; Cambridge University Press:
Cambridge, 1995; pp 104—105.
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than for Al, indicating that there is no Davydov
splitting for the molecule with the lateral substituents
(Figure 1S). This can be explained by an increase of
disorder due to an increase of separation between
molecules.*?

3.4. Electrochemical Study. In view of the applica-
tion of these molecules in optoelectronics, it is of interest
to consider their energy gap—AEg—and the relative
ionization potential (IP) and electron affinity (EA). The
AE4 value can be estimated from the difference between
the first oxidation and first reduction potentials. These
potentials are associated with the highest occupied and
the lowest unoccupied molecular orbitals (HOMO and
LUMO energy levels respectively), AEg = E°ox1 — E°red.
This parameter will be compared to the energy 0,0
transition (Eop). Electrochemical measurements permit
the estimation of the lifetimes of the generated ionic
species. This allows the stability of the optoelectronics
devices to be improved.

The electrochemical oxidation and reduction of the
different distyryl-bipyridines have been investigated in
toluene/acetonitrile mixture (50/50 v/v) (see Table 3).
This mixture allows a good solubility (in the millimolar
range in most cases) of the studied compound with
retention of a sufficiently high conductivity as required
for electrochemical studies. Typical voltammograms of
the reduction and oxidation of the distyryl-bipyridines
(as exemplified with Al and B4) are presented in Figure
5.

In reduction, all the studied compounds except B3
present two monoelectronic transfers. The chemical
stability of the different electrogenerated intermediates
can be investigated just by considering the scan rate
for which the cyclic voltammogram becomes reversible.
The first reduction process was reversible at a low scan
rate (0.2 V s~1) showing a large chemical stability of the
radical anion (lifetime on the order of 10 s). In these
conditions, the second process can be unambiguously
ascribed to the reduction of the radical anion to the
corresponding dianion. The reversibility of the second
reduction depends considerably on the substituents and
was only observed at higher scan rates. For compounds
with a donor group on the phenyl moieties (A4, B4) or
thiophene (A2, B2), the second reduction becomes
reversible for higher scan rates (100—200 V s™1). When
at least one acceptor group was present, the reversibility
was observed at a much lower scan rate in the range of
0.2 V s~(for A5 and B5). From these reversible voltam-
mograms, the formal potentials E° were immediately
derived as the half-sum between the forward and the
reverse scan peak potentials.*® Both E° were sensitive
to the nature of substituents introduced on both sides
of the molecules, indicating a good conjugation all along
the molecule. As expected, a donor substituent like
n-hexyloxy makes the potentials more negative and on
the contrary, a cyano substituent renders the reduction
easier. It is also noticeable that the difference between
the first and second reduction potentials decreases
considerably in the case of the dicyano compounds A3

(42) Zerbi, G.; Castiglioni, C.; Del Zoppo, M. In Electronic Materials:
The Oligomer Approach; Mullen, K., Wegner, G., Eds.; Wiley-VCH:
Weinheim, 1997; p 345.

(43) Andrieux, C. P.; Savéant, J.-M. Electrochemical Reactions. In
Investigation of Rates and Mechanism of Reactions; Bernasconi, C. F.,
Ed.; Wiley: New York, 1986; Vol. 6, 4/E, Part 2, pp 305—390.
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and B3. For B3, the two reduction potentials were so
close that only one large wave can be observed which
impedes the determination of the individual E°. This
phenomenon is indicative of an higher localization of
the charge in the dianion in the vicinity of the two cyano
groups than for the other studied compounds.

In oxidation, only one irreversible process has been
observed. This peak remains irreversible even when the
scan rate was increased up to several hundred volts per
second, indicating that the lifetime of the produced
radical cation is shorter than 1 ms in our experimental
conditions. It is noticeable that the radical cation has a
much lower chemical stability than the corresponding
radical anion. In our determination, E°x values (Table
3) were approximated by the corresponding peak po-
tentials.

The electrochemical gaps range in the 2.7—3.3 eV. The
AEg and Egp values are on the same order and follow
the same general trends. The gap is substantially
decreased by the introduction of a donor group (as
terminal or lateral substituent). Introduction of a
withdrawing group (cyano) does not much change the
value of the gap, but increases the reduction potential.

To a first approximation, the oxidation potential can
be related to the ionization potential and thus to the
HOMO energy level.** According to this relation, the
ionization potentials range in the 5.8—6.26 eV. A similar
relationship can be made for the reduction potentials,
the electron affinity and LUMO energies. All the
compounds possess high electron affinity: B4 has the
lowest EA; A3, the highest one (2.84 and 3.19 eV
respectively).

Substituent effect on formal reduction potentials of
the compounds can be rationalized by the Hammett
equation, i.e., by plotting E°q1 versus the Hammett
constant op™.4% As shown in Figure 6, fairly good linear
fitting of the experimental values can be obtained in the
two series for the symmetrical compounds, with similar
slopes, indicating an identical reduction mechanism and
similar stabilization by mesomeric effects of the two
types of generated radical anions. This result demon-
strates the ability to tune, for symmetrical compounds,
the reduction potential (electron affinity) through ap-
propriate substitution by using the following relation.
(For A series: E°reg = —1.81 + 0.123 o0, For B series:
E°red = —1.84 + 0.124 0,~.) However, for donor—acceptor
end-disubstituted molecules, the reduction potentials do
not correlate with the Hammett coefficients op™. All
these results can be related to those relative to the
nature of the excited state, discussed in the previous
part.

4. Conclusion

The present work has shown the ability to tune
mesogenic, electrochemical, and optical (absorption—
emission) properties of novel series of 6,6'-distyryl-3,3'-
bipyridine derivatives, by variations in molecular de-
sign.

The compounds have been synthesized by Knoevena-
gel condensation of 6,6'-dimethyl-3,3'-bipyridine or

(44) Moratti, S. C.; Bradley, D. D. C.; Cervini, R.; Friend, R. H.;
Greenham, N. C.; Holmes, A. B. SPIE 1994, 2144, 108.
(45) Hansh, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165.
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Table 3. Electrochemical Data of the Studied Compounds in a Toluene/Acetonitrile Mixture (50/50v/v)

Potential (V)?
Compound Oxydation Reduction Electrochemical gap
Eo” Ewi Elen AEg (V)
Al @‘\ PN/ \
—/ oy +1.52 -1.81 -194 333
CH,
/
/oy +1.37 -1.82  -2.03 3.19
HiC
S
A2 L)~/
TN HLI8 177 o197 2.95
B2 @K £
LN\ \_/
/., \_Q +1.18 180 -2.01 2.98
H;C
A3 ”C@\ PN/
—/ \=y oN +1.61 -1.56  -1.62 3.17
B3 £
v PN/ 0 .
—/ \oy Q oN - -1.59 -
H;C
Ad H,;CGOW
=/ ey \—Q-ocmu +L11 187 201 2.98
CH,
B4 H|3C60—®—\ /N \ / \
—/ oy LQOCGHU +1.07 -1.91 =216 2.98
HyC
AS NC-@T P\ /N
—/ \ay \—Q-ocsﬂu 1123 -163 -182 2.86
BS e
s )Ny
/o oCgts +1.10 -1.63  -1.84 2.73

HC

aVersus SCE (see Experimental Section). ® Peak potential. ¢ AEg = Eox —

close waves (see text).

5,5',6,6'-tetramethyl-3,3'-bipyridine with aromatic al-
dehydes (thiophene or para-substituted phenyl).
n-Hexyloxy or cyano end substitutions favor the
occurrence of smectic or nematic mesophases, whereas
lateral disubstitution of the bipyridine core by methyl
groups, decreases liquid crystal thermal stability. In the

E°red1. 9 No oxidation wave has been observed & Two very

latter case, smectic phases are not demonstrated.

The redox potentials can be controlled through changes
in the electron donor and acceptor character of the
aromatic ring and/or of the end substituents. In all cases
the molecules exhibit high electron affinity and large
chemical stability of the radical anion. A good fit is
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Figure 5. Cyclic voltammetry in toluene/acetonitrile mixture
(50/50 v/v) containing 0.1 mol L™* NBusBF, as supporting
electrolyte on a 1-mm-diameter disk glassy carbon electrode:
(a, b) Al concentration = 1.1 mol L™%; scan rates v = 200 (a)
and 0.2 (b) V s7%; and (c, d) B5 concentration = 1.0 mol L™%; v
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Figure 6. Variation of the formal reduction potentials of A
and B series as a function of the Hammett coefficient o,” in a
toluene/acetonitrile mixture (50/50 v/v) containing 0.1 mol L™
NBusBF, as supporting electrolyte.

obtained when the formal reduction potentials of the
symmetrical compounds are plotted relative of the
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Hammett constants op,~ of the substituents. These
results should help us to develop chromophores that
have desired electron affinity, which is of great interest
for light-emitting diodes.

Absorption and emission energies on one hand, nature
and lifetime of the excited state on the other hand can
also be tuned through variations in the conjugated core
or end substituents. In solution, symmetrical chromo-
phores possess a planar excited state; the electron
delocalization occurs on the molecule half, between the
pyridine and the adjacent aromatic ring; the stronger
the donor character of this latter, the lesser the stabi-
lization of the excited state. Concerning dissymmetric
chromophores with donor (n-hexyloxy) and acceptor
(cyano) terminals groups, they exhibit an intramolecular
charge-transfer excited state. In this case, a TICT
mechanism could be expected.

These highly z-conjugated molecules open the way to
applications in optoelectronics. This is especially the
case with the donor—acceptor para-disubstituted com-
pounds (A5 and B5), which give rise to a charge-transfer
phenomenon, allowing them to be active in NLO:
optimization of the hyperpolarizability f and EFISHG
measurements are under investigation. The photolumi-
nescence, another property exhibited by most com-
pounds, could be used for LEDs designing, as will be
examined in a future paper.

If we consider the above-described molecules as model
compounds, the versatility of the Knoevenagel conden-
sation offers the opportunity to use (i) a wide range of
aldehydes in order to improve some properties of inter-
est, for example NLO properties, (ii) dialdehydes or
aldehydes bearing reactive groups in order to synthesize
main-chain or grafted polymers including such conju-
gated cores. For example, taking into account the
formation of mesophases, the use of 4-hydroxybenzal-
dehyde offers the opportunity to synthesize reactive
chromophores able to be grafted on macromolecular
chain, with the purpose of obtaining side-chain liquid
crystal polymers with NLO properties. This approach
will be presented in a next paper.*®

Acknowledgment. Dr. Bloch (ONERA) is gratefully
acknowledged for many helpful discussions throughout
this work and the preparation of the manuscript.

Supporting Information Available: Figure 1S, a com-
parison of the emission spectra of A1 and B1 in solid state.
(Intensities of spectra have been normalized to the same
value.) This material is available free of charge via the Internet
at http://pubs.acs.org.

CM990501N

(46) Lemaitre, N.; Attias, A.-J.; Noél, C. Manuscript in preparation.



