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We present a series of new 6,6'-distyryl-3,3'-bipyridine derivatives synthesized via a
Knoevenagel condensation reaction and disubstituted with electron donor and acceptor
groups. These molecules were characterized by spectroscopic methods (NMR, Raman, UV—
vis, photoluminescence). These compounds were all found to exhibit thermotropic liquid
crystalline (LC) phases, the structures of which were analyzed by DSC and temperature-
dependent X-ray diffraction. The high degree of conjugation and the mesogenic character of
these molecules could lead to nonlinear optical (NLO) applications for the “push—pull”
compounds. Absorption in the UV range and blue fluorescence are other characteristics of
some members of this group. The latter property opens up applications as light-emitting

diodes (LEDSs).

Introduction

The Knoevenagel reaction, when applied to activated
methyl derivatives of pyridine, or of other nitrogen
heterocycles, directly leads, by condensation with aro-
matic aldehydes, to arylene—vinylene—heteroarylene
bondings which may constitute the basic structural
elements of entirely w-conjugated molecules.
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Several other more commonly used reactional paths,
like the Wittig or Heck reactions, yield similar struc-
tures, but the Knoevenagel reaction, insofar as it is a
mere thermal condensation process, has the advantage
of being a very simple and easy method to apply: water
is the only byproduct, and there are no unstable reactive
intermediates or special chemical reagents yielding
reaction products that have to be eliminated.

The advantages of the pyridine moiety itself have
been demonstrated on several occasions as a specially
interesting structural element in optoelectronic materi-
als, giving them peculiar properties.=* More specifical-
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ly, the electron deficiency and consequently the electron
affinity of the aromatic pyridine ring result in a higher
resistance to oxidation and better electron transport
properties, when most conjugated molecules are prone
to oxidative degradation and exhibit better hole trans-
port properties. Recent results demonstrate that pyri-
dine-based conjugated polymers make possible the use
of environmentally stable metal electrodes for the
production of light-emitting diodes (LEDs).>~7

The present paper is a description of a new family of
conjugated molecules based on the 3,3'-bipyridine moi-
ety, all obtained by the Knoevenagel process. Besides
their optoelectronic capabilities resulting from their
high conjugation level, they present a very distinctive
feature, which is their ability to give rise to liquid
crystalline phases.

A large part of this paper concerns the latter behavior,
which was previously demonstrated as specially advan-
tageous for second-order nonlinear optical (NLO) ap-
plications. Recently, it has been shown, both theoreti-
cally®!! and experimentally,’2~17 that particularly large
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second-order NLO effects can be obtained by using side-
chain liquid crystalline polymers (SCLCPs), in which
the side groups are NLO chromophores themselves
exhibiting mesogenic properties. The liquid crystalline
system exhibits spontaneous axial ordering, which
enhances and stabilizes the macroscopic polarization
after electric field poling. It is of interest to note that
the factors which enhance the hyperpolarizability S of
the molecules (high aspect ratio, planarity, aromatic
m-electron systems which are conjugated along the
length of the molecule, charged end groups) are es-
sentially the same as those factors which are favorable
to liquid crystallinity in low molar mass compounds.18-21

Initially we were encouraged to begin this study by
taking advantage of results once obtained in our group??
on poly(styrylpyridine) resins (PSP). These highly ther-
mally stable resins, used as composite matrixes, were
obtained by polycondensation of methyl derivatives of
pyridine, usually 2,4,6-trimethylpyridine, with tereph-
thalaldehyde. In this case, the Knoevenagel-type con-
densation is made possible by the activation of the
methyl groups which results from their ortho or para
position with respect to the nitrogen atom. It is impor-
tant to note that, in PSP resins, the formation of an
arylene vinylene structure does not give rise to any
conjugation between two vinylene substituents of the
same pyridine ring on account of their mutual meta
position.

To elaborate, by an analogous chemical process,
polymers where conjugation extends over the full length
of the molecule, it is necessary to start from dimethyl
aromatic nitrogen bases where the position of the
methyl substituents (i) is ortho or para with respect to
nitrogen (to bring about reactivity) and (ii) is compliant
with a para-disubstitution of the heterocyclic core in the
skeleton of the resulting molecule (to establish conjuga-
tion).

An example of a molecule meeting these requirements
is 2,5-dimethylpyrazine, whose condensation products
with aromatic aldehydes have been reported earlier.23
It should be noted, however, that in such styrylpyra-
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zines, when exposed to light, the vinylene groups were
found to cyclodimerize, resulting in linear polymers with
recurring cyclobutane units in the main chain, instead
of conjugated polymers.24

This paper describes an alternative approach to the
synthesis of conjugated poly(heteroarylene vinylene)s,
whose overall strategy is based on the use of 6,6'-
dimethyl 3,3'-bipyridine (1) as starting compound. When
reacting with benzaldehyde via the Knoevenagel con-
densation, 1 results in a product with a conjugation
length including four aryl rings and two double bonds.
This product was found (i) to show absorption in the
UV spectral range and an intense photoluminescence
in the blue region and (ii) to possess thermotropic liquid
crystalline phases. The condensation of 1 with five-
member heterocyclic rings (like thiophene) or benzene
rings substituted with electron acceptor and/or donor
groups was subsequently exploited to fine-tune the
properties of the resulting z- conjugated systems.

In this paper, we report our preliminary results on
the synthesis and characterization of five new com-
pounds (2—6) (Scheme 1). They are characterized by
means of Raman spectroscopy, 'H and 13C NMR, dif-
ferential scanning calorimetry (DSC), optical micros-
copy, X-ray diffraction, and UV/visible and fluorescence
spectroscopy. Changes in their thermal transitions,
liquid crystalline behavior, and linear optical properties
are analyzed and discussed in terms of substituent
effects.

Experimental Section

Reagents. 2-Methyl-5-bromopyridine has been prepared by
a standard method.?® Benzoic anhydride, benzaldehyde, 4-cy-
anobenzaldehyde, 4-hexyloxybenzaldehyde, and 2-thiophene-
carboxaldehyde (all from Aldrich) were used without further
purification.

Syntheses. 6,6'-Dimethyl-3,3"-bipyridine (1). Nickel(l1) chlo-
ride hexahydrate 14.16 g, (60 mmol), 62.4 g of triphenylphos-
phine (240 mmol), and 300 mL of N,N-dimethylformamide
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 changed to red brown, 10.32 g of 2-meth-
ylI-5-bromopyridine (60 mmol) was then added and the reaction
progress was monitored by steric exclusion chromatography
(SEC). After 8 h, 2-methyl-5-bromopyridine was consumed.
The mixture was cooled to room temperature and 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 dichlo-
romethane (3 x 120 mL). The organic phase was washed with
water. After evaporation, 5.2 g of a crude product was purified
by vacuum sublimation; 4.6 g (25.2 mmol) of pure 6,6'-
dimethyl-3,3'-bipyridine (1) was obtained as a white pinkish
powder (yield: 84%). Mp 97.4 °C. *H NMR (CDCl3) 6 [ppm]:
2.5 (s, 6H), 7.19 (d, 2H, 33y n = 8.06 Hz), 7.70 (dd, 2H, 3Jyn =
8.06 Hz, 3y n = 2.44 Hz), and 8.65 (d, 2H, *Jyn = 2.44 Hz).
3C NMR (CDClg) 6 [ppm]: 24.0 (CH3), 123.2, 130.5, 134.4,
147.1, and 157.7. Anal. Calcd for C1,H12N2: C, 78.26; H, 6.53;
N, 15.21. Found: C, 78.26; H, 6.52; N, 15.22.
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6,6'-Distyryl-3,3'-bipyridine (2). Compound 1 (2.7 g, 15 mmol),
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 200 °C and the reaction progress
was monitored by SEC. After 90 min, 1 was consumed. The
mixture was cooled to room temperature and washed with a
2 N NaOH solution in order to eliminate the excess of benzoic
anhydride and acid formed during the reaction. The crude
product was crystallized twice from toluene, and 2.03 g (5.6
mmol) of 6,6'-distyryl-3,3'-bipyridine was obtained as yellow
lustrous flakes (yield: 38%). Decomposition temperature (Tq)
(by TGA) = 310 °C. *H NMR (CDCI3) 6 [ppm]: 7.23 (d, 2H,
8Jun = 16.0 Hz), 7.33 (d, 2H, 3Jyn = 7.41 Hz), 7.40 (dd, 4H,
SJH,H = 8.14 Hz, 4\]H,H =7.41 HZ), 7.50 (d, 2H, SJH,H =8.2 HZ),
7.61 (d, 4H, 33y = 8.14 Hz), 7.70 (d, 2H, 33y = 16.0 Hz),
7.90 (dd, 2H, SJH,H = 8.2 Hz, 4-]H,H = 2.45 HZ), and 8.88 (d,
2H, “Jyn = 2.45 Hz). 3C NMR (CDClg) 6 [ppm]: 121.9, 126.9,
127.1,128.3,128.5,131.2,133.1, 134.2, 136.3, 147.5, and 154.9.
Anal. Calcd for CosH20N2: C, 86.64; H, 5.59; N, 7.77. Found: C,
86.79; H, 5.49; N, 7.72.

6,6'-Bis(2-thienylvinylene)-3,3'-bipyridine (3). This compound
was prepared by the same procedure, but from 2-thiophene-
carboxaldehyde (yield: 40%). T4 = 300 °C. *H NMR (CDCl3) 6
[ppm]: 7.02 (d, 2H, 3Jyn = 15.5 Hz), 7.05 (dd, 2H, 3Juny =
5.07 Hz, 33y = 3.3 Hz), 7.21 (d, 2H, 3Jun = 3.4 Hz), 7.28 (d,
2H, 3Jyn = 5.07 Hz), 7.41 (d, 2H, 334 = 8.25 Hz), 7.85 (d,
2H, 3Jun = 15.53 Hz), 7.87 (dd, 2H, 33y = 8.26 Hz, Iy =
2.43 Hz), and 8.85 (d, 2H, Jun = 2.43 Hz). 13C NMR (CDCls)
o [ppm]: 122.1,125.7,126.3, 126.5, 127.8, 128.0, 131.3, 134.3,
142.1, 147.8, and 154.8. Anal. Calcd for C,,H1sN5S,: C, 70.94;
H, 4.33; N, 7.52. Found: C, 71.02; H, 4.34; N, 7.43.

6,6'-Bis(4-cyanostyryl)-3,3'-bipyridine (4). This compound
was prepared by the same procedure, but from 4-cyanoben-
zaldehyde (yield: 60%). T4 = 380 °C. 'H NMR (CDCl3) 6 [ppm]:

5 R=0(CH3)

|| N
7N N/ N
Nl
/. .
3
Nt N N

H

|
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Benzoic anhydride

R'=O(CHy3)

7.31 (d, 2H, 33y n = 16.19 Hz), 7.52 (d, 2H, 3Jun = 7.88 Hz),
7.68 (s, 8H), 7.73 (d, 2H, 3Jyn = 16.19 Hz), 7.95 (dd, 2H, Iy n
= 8.18 Hz, *Jun = 2.4 Hz), and 8.91 (d, 2H, *Jun = 2.4 Hz).
3C NMR (CDClg) 6 [ppm]: 111.3, 118.6 (CN), 122.7, 127.3,
130.3,131.1, 131.8, 132.3, 134.4, 140.7, 147.8, and 154.0. Anal.
Calcd for CsH1sNa4: C, 81.93; H, 4.42; N, 13.65. Found: C, 82.02;
H, 4.33; N, 13.65.

6,6'-Bis(4-hexyloxystyryl)-3,3'-bipyridine (5). This compound
was prepared by the same procedure, but from 4-hexyloxy-
benzaldehyde (yield: 35%). *H NMR (CDCl3) 6 [ppm]: 0.91 (t,
6H, 33y = 7.1 Hz), 1.34 (m, 8H), 1.45 (m, 4H), 1.78 (m, 4H),
3.98 (t, 4H, 3Jyn = 6.7 Hz), 6.92 (d, 4H, 3Jyn = 8.78 Hz), 7.08
(d, 2H, 3Jun = 16.02 Hz), 7.44 (d, 2H, 33y 4 = 8.38 Hz), 7.53
(d, 4H, 33y = 8.78 Hz), 7.66 (d, 2H, 33y = 16.02 Hz), 7.86
(dd, 2H, 3JH,H = 8.31 Hz, 4JH,H = 2.18 HZ), and 8.84 (d, 2H,
4Jun = 2.18 Hz). 13C NMR (CDCl3) ¢ [ppm]: 13.8, 22.3, 25.5,
29.0, 31.3,67.9,114.8,121.7, 124.9, 128.5,129.1, 131.0, 132.9,
134.3, 147.6, 155.5, and 159.6. Anal. Calcd for CsgHsN20,: C,
81.39; H, 7.91; N, 5.0. Found: C, 81.45; H, 7.99; N, 4.86.

6-(4-Cyanostyryl)-6'-(4-hexyloxystyryl)-3,3'-bipyridine (6). This
compound was prepared by the same procedure, but the
synthesis was conducted in two steps, with equimolecular
proportion of, successively, 4-cyanobenzaldehyde and 4-hexyl-
oxybenzaldehyde. The intermediate monostyryl compound
resulting from the condensation of 1 with 4-cyanobenzaldehyde
(/1 mol/mol) was isolated by dissolution in ethanol and
purified before the condensation with 4-hexyloxybenzaldehyde
(1/2 mol/mol) (yields: step 1, 35%; step 2, 28%). ‘H NMR
(CDCl3) 6 [ppm]: 0.91 (t, 3H, 3Jyn = 7.1 Hz), 1.35 (m, 4H),
1.47 (m, 2H), 1.8 (m, 2H), 3.99 (t, 2H, 3J 4 = 6.65 Hz), 6.91
(d, 2H, 33y = 8.43 Hz), 7.08 (d, *H, 33y 4 = 16.1 Hz), 7.29 (d,
1H, 3Jyn = 16.3 Hz), 7.45 (d, 1H, 3Jun = 8.4 Hz), 7.49 (d, 1H,
SJH,H =84 HZ), 7.53 (d, 2H, 3JH,H =8.43 HZ), 7.66 (d, lH, SJH,H
=16.1 Hz), 7.67 (s, 4H), 7.7 (d, *H, 334y = 16.0 Hz), 7.87 (dd,
lH, 3JH,H =8.15 Hz, 4JH,H =24 HZ), 7.92 (dd, 1H, SJH,H =8.15
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Hz, {Jun = 2.4 Hz), 8.85 (d, *H, “Jyn = 2.7 Hz), and 8.89 (d,
1H, 43y = 2.4 Hz). 3C NMR (CDCl5) 6 [ppm]: 13.8,22.3, 25.5,
29.0, 31.3,67.9, 111.3, 114.6, 118.6 (CN), 121.6, 122.7, 124.6,
127.3, 128.3, 128.7, 130.4, 130.5, 130.8, 132.2, 132.3, 133.0,
134.2,134.3, 140.8, 147.5, 147.7, 153.6, 155.6, and 159.5. Anal.
Calcd for Cs3H3iN3O: C, 81.62; H, 6.43; N, 8.65. Found: C,
81.62; H, 6.48; N, 8.60.

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 (CDCl3) was used as solvent and
tetramethylsilane (TMS) as internal standard.

Raman Spectroscopy. Raman spectra were recorded on a
Perkin-Elmer 2000-FT spectrometer, using the 1.064 um line
of a Nd :YAG laser beam.

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

Thermogravimetric Analysis (TGA). Thermal stabilities were
assessed by thermogravimetry (thermogravimetric analyzer
Dupont 950) carried out under argon at 5 °C/min. T4 corre-
sponds to 5% weight loss.

X-ray Diffraction. Precise powder diffractograms were col-
lected with a Siemens D5000 powder diffractometer equipped
with a secondary monochromator using a Cu Ko radiation (1
= 1.5418 A).

The temperature-dependent X-ray diffractograms (TDXD)
were recorded in air using a Siemens D5000 instrument,
equipped with a M Braun linear position sensitive detector
(PSD) (A = 1.7903 A, Co Ka) and an Anton Paar (HTK 16)
high-temperature chamber.

X-ray diffraction patterns were recorded on flat films using
Cu Ka radiation (1 = 1.54056 A). A flat graphite crystal with
a pinhole collimator was used as a monochromator. The
samples were introduced in 1 mm Lindemann glass tubes
which were put in an electrically heated oven, the temperature
of which was controlled within 0.2 °C using a platinum resistor
as a sensing element.

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
microscope (Ernst Leitz, Wetzlar) for observations in the
temperature range 300—350 °C.

Optical Spectroscopies. The UV—visible absorbance spectra
for compounds 2—6 were obtained from their solutions in a
toluene/acetonitrile (50/50 v/v) mixture using a diode array
spectrophotometer (J. M. Analytische Mess und Regeltechnik
Gmbh, Aalen, Germany). A 1 cm quartz cell was used. The
concentrations were chosen so that appropriate absorbance
values (OD = 0.1-0.2) were obtained at Amax. The fluorescence
and excitation spectra were obtained from the same solutions,
using a Aminco-Bowman Series 2 luminescence spectrometer.
Fluorescence quantum yields were measured in toluene/
acetonitrile (50/50 v/v) solutions by comparison with the
emission of quinine sulfate (in aqueous sulfuric solution) for
which a value 0.55 has been taken. Quantum yields were not
corrected for the change in refractive index between the
toluene/acetonitrile (50/50 v/v) solutions and aqueous sulfuric
solution.

Results and Discussion

Synthesis. 6,6'-Dimethyl-3,3'-bipyridine (1) was first
synthesized according to the only published procedure
for this compound, described by Peake et al.,?6 which is
based on a nucleophilic addition of methyllithium on
pyridine with subsequent regeneration of the aromatic
system and homocoupling in the presence of iodine. The
use of a lithium derivative required drastic experimental
conditions. In addition, this method gave a low yield
(15%). This prompted us to use a simpler and higher-
yield synthesis of bipyridines which consisted of the
homocoupling of halopyridines mediated by nickel—
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phosphine complexes.2’” We have adapted this method
to the case of the synthesis of (1), by using 2-methyl-5-
bromopyridine as starting material (Scheme 2).

All the symmetrical disubstituted compounds (2—5)
were prepared according to the procedure described by
Hasegawa et al.2* which involved condensation of 1 with
excess aromatic aldehyde at reflux temperature in the
presence of benzoic anhydride. The synthesis of the
donor—acceptor unsymmetrically para-disubstituted com-
pound 6 was conducted in two stages. 1 was first reacted
with 4-cyanobenzaldehyde as described before, except
that equimolar amounts of reagents were used. After
separation and purification, taking advantage of differ-
ences of solubility in alcohol, the resulting monostyryl
compound was then reacted with 4-hexyloxybenzalde-
hyde, affording 6.

Chemical Structure. The chemical structures of
compounds 2—6 were investigated by Raman and 'H
and 13C NMR spectroscopies. Raman spectra were
obtained using the 1064 nm line of a Nd:YAG laser in
order to avoid fluorescence.

A representative Raman spectrum is displayed in
Figure 1S of the Supporting Information for a solid
sample of 4. Significant features of this Raman spec-
trum are the well-isolated and very characteristic band
due to the stretching of the terminal C=N group at 2222
cm~! and the band at 1636 cm~1, which is analogous to
the olefin double bond stretch at 1639 and 1632 cm™?
in trans-stilbene and trans-4,4'-diphenylstilbene, re-
spectively.?8

Because of the low solubility of some of the compounds
under interest, 13C NMR spectra were obtained using
the INEPT pulse sequence?® with a view to enhancing
the signal of the 13C by polarization-transfer from the
IH. The use of a one-bond (1Jcn) coupling constant (J =
165 Hz) gives spectra revealing the protonated carbons,
as shown in Figure 2Sa of the Supporting Information
for compound 4. Comparison of these spectra with the
ones obtained by using a geminal (2Jcp) or vicinal (3JcH)
coupling constant (J = 13 Hz) brings out the quaternary
carbons (Figure 2Sb).

The 'H and 3C NMR data (chemical structure,
numbering scheme, and chemical shifts) are sum-
marized in Tables 1 and 2, respectively. The assign-
ments of the peaks, based on values resulting from
increment predictions,® are consistent with the ex-
pected structures for compounds 2—6. The presence of
trans-vinylene units is clearly revealed in the 1H NMR
spectra. For example, in the spectrum of 5 (Figure 1),
two doublets appear at 7.08 and 7.66 ppm with a three-
bond coupling constant 3Jy 4 = 16 Hz, indicative of a

(26) Peake, D. A.; Oyler, A. R.; Heikkila, K. E.; Liukkonen, R. J.;
Engroff, E. C.; Carlson, R. M. Synth. Commun. 1983, 13, 21.

(27) Tiecco, M.; Testaferri, L.; Tingoli, M.; Chianelli, D.; Montanucci,
M. Synthesis 1984, 9, 736.

(28) Butler, R. M.; Matthew, A.; Lynn, M. A.; Gustafson, T. L. J.
Phys. Chem. 1993, 97, 2609.

(29) Morris, G. A.; Freeman, R. J. Am. Chem. Soc. 1979, 101, 760.

(30) Breitmaier, E.; Voelter, W. Carbon-13 NMR Spectroscopy; VCH:
New York, 1987.
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Table 1. Assignments and Chemical Shifts (ppm) of H NMR Spectra Compounds 1—6

Compound Ho Hy H Hq-He HeHqg H;,
He Hy He HeHe  HeHy o H,
3 (ppm)
N b ¢ 19
= 1 865 77 7.
B\ /_: CH;
C ) 7 N4 4 2 88 79 75 7.70-7.23 7.61-7.40 7.33
a
S 4
= /e 7 {
3 885 7.87 7.41 7.85-7.02 7.21-7.05 7.28
/7 N D
NC—@—\ N= / \
\ 7/ \—j \—Q—CN 4 891 795 752 7.73-7.31 768
(H13C6)0‘©—\ N= 7\
\ 7/ = \—Qowwm 5 884 7.86 7.44 7.66-7.08 7.53-6.92
’ a' b
(HIBCG)OAQ—i N= / { d [ 2
e 7 @ N/ \_y L@,CN 6 889 7.92 749 7.70-729 7.67
¢ b a e 8.85 7.87 7.45 7.66-7.08 7.53-6.91

trans carbon—carbon double bond. Spectra of all the
other compounds present the same features.

As can be seen in Table 1, substitution by phenyl (2)
or thienyl (3) rings results in a downfield shift of the
signals of the protons of the pyridine rings, the effect
being more pronounced in the case of the phenyl ring.
Examination of Table 1 also reveals that symmetrical
para-disubstitution of (2) by electron acceptor (4) or
electron donor (5) groups leads to deshielding or shield-
ing of the protons of the pyridinic rings, respectively.
The same effect is observed for the protons of the
vinylene group. These results indicate that the conjuga-
tion path goes at least from the aryl ring to the nearest
pyridine ring through the trans-vinylene bond.

b ¢

U 2 W A

\_/ =N @0(C6H13)

a

solvent

218 Hz
>e<

9 89 88 87 86 85 84 83 82 81 8 79 78 77 76 75 74 73 72 71 7 698 68
Chemical Shift - § (ppm)

Figure 1. 'H NMR spectrum of 5 in CDCls.

The comparison of results obtained for the asym-
metrically (donor/acceptor) para-disubstituted com-
pound 6 with those for the symmetrically acceptor (4)
or donor (5) disubstituted ones is more revealing.
Replacing, in one phenyl end of 4, a —CN acceptor
substituent by a OCgH13 donor group (giving 6) induces
an upfield shift of the proton signals up to the farthest
pyridylene and vinylene groups. From the data obtained
for 5 and 6, it seems that the effect is opposite and much
smaller (at the limit of the experimental accuracy) when
a donor group of 5 is replaced by an acceptor substitu-
ent. These results suggest that for the 6,6'-distyryl-3,3'-
bipyridine derivatives, the conjugation occurs through-
out the whole molecule. Similar conclusion can be drawn
from the 13C NMR data given in Table 2.

Mesomorphic Behavior. All compounds were ex-
aminated by DSC. Representative DSC traces are given
in parts a, b, and c of Figure 2 for compounds 2, 5, and
6, respectively. The transition temperatures and the
corresponding enthalpy changes are listed in Table 3.
The lengths (L) of the molecules in the fully extended
all-trans conformation are determined from their opti-
mized geometry calculated at AM1 or PM3 levels.

Compound 2. Compound 2 exhibits a crystalline (K),
a smectic A (Sa), a nematic (N), and an isotropic phase.
The initial room-temperature X-ray diffraction pattern
is consistent with a crystalline or 3D ordered smectic
phase. It shows several well-defined rings corresponding
to the following lattice spacings: 18.28 (vs), 9.18 (m),
6.125 (s), 4.60 (s), 4.555 (w), 4.365 (w), 3.84 (w), and
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Table 2. Assignments and Chemical Shifts (ppm) of 33C NMR Spectra of Compounds 1-6

Compound C. G G G C ¢ G
C. C G GC¢ Co C G
(ppm)
c d

PN\ 5/ \e

a

S c d
NC@“\ "N\ /N

3.07 A (w). From these data alone, it is not possible to
propose unit cell parameters. It should be noted, how-
ever, that the first three orders of reflection correspond
to a repeat distance d = 18.3—18.4 A, which is smaller
than the length of the molecule in the fully extended
all-trans conformation (L = 22.3 A). This implies that
the constituent molecules of the crystalline phase are
tilted at an angle 6 ~ 34—35°.

The X-ray patterns do not change significantly with
increasing temperature up to 230 °C, a temperature
close to the maximum of the first DSC endotherm
(Figure 2a), which corresponds to the melting point. A
further increase in temperature results in a transforma-
tion of the X-ray patterns. Clearly, the melt orients
under the influence of flow with the director parallel to
the Lindemann tube axis. The resulting X-ray patterns
are qualitatively the same as those for oriented samples
of low-molar mass smectic A phases. The anisotropy is
clearly shown (Figure 3) and there are correlations of
two distinct periods, parallel and perpendicular to the
director, which correspond to an average molecular
width (~4.56 A) and layer thickness (d = 24.3—24.9 A),
respectively. The two symmetrical wide-angle crescents
are associated with the unstructured liquid-like nature
of the layers. The four small-angle Bragg spots show
the existence of extensive layer-like correlations and
correspond to the two first orders of reflection on the
layer planes. The relative position of the wide-angle
crescents and the small-angle reflections indicate that
the molecules tend to be orthogonal to the layer planes.
The lamellar spacing (d) is slightly larger than the

O(CgH3)

1 1471 1305 1344 123.2 1577

2 1475 131.2 1342 1219 1549 128.3 1331

[}

147.8 131.3 1343 1221 154.8

4 1478 131.8 1344 1227 154.0 130.3 131.1

(S )}

1476 131.0 1343 121.7 1655 1249 1329

6 147.7 1322 1343 1227 153.6 130.5 130.8
1475 1304 1342 1216 1556 1246 133.0

extended molecular length (L); the ratio d/L is on the
order of 1.1, which suggests a bilayer structure in which
there is a nearly complete overlap of the molecules.
However, those A type smectogens that are known to
have interdigitated bilayer structures appear to have
molecular structures that incorporate a terminal strong
dipolar group, such as a cyano or nitro substituent.
Alternatively, the small difference of ca. 2 A between d
and L might arise from the mean thermal displacement
of the molecules along the director. The X-ray study of
the nematic phase was not possible because of the high
value of the Sa/N transition temperature (Table 3);
during the time required to record the scattered inten-
sity, degradation occurred.

Figures 4 and 5 present the mesomorphic textures of
compound 2 observed under a polarizing microscope.
Above its melting point, 2 gives a clear focal-conic fan
texture, which exhibits characteristic features of Sa
phases. Upon passing to the high-temperature me-
sophase, a Schlieren texture forms. From the observa-
tion of disinclinations of strength s = £/,, this me-
sophase can be unambiguously identified as a nematic
phase.

Compound 3. Compound 3, in which the two phenyl
rings are replaced by thienyl rings, exhibits three
crystalline modifications and a nematic phase. The
crystalline forms are clearly evidenced by X-ray data
(Figure 6). However, the X-ray investigation did not
yield conclusive information about the mesophase be-
cause specimen degradation occurred too rapidly above
the melting point. To minimize in situ specimen deg-
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Figure 2. DSC traces: (a) 2, (b) 5, and (c) 6.

radation during the optical observations, the hot-stage
was preheated to 250 °C before the sample was mounted
and heated to 280 °C at 20 °C/min. At about 260—265
°C, compound 3 melts to give a nematic phase which
exhibits the unmistakable Schlieren texture. Thin layers
display other nematic characteristics, such as scintil-
lation effects or a sparkling phenomenon and a marked
tendency to be homeotropic, the molecules aligning with
an average orientation perpendicular to the glass sur-
faces. At approximately 285 °C, the first drops of
isotropic liquid appear, in agreement with the small
endotherm observed between 285 and 295 °C in the DSC
curve (Table 3).

Compound 4. Compound 4, with terminal ring CN
groups, exhibits two crystalline modifications, which are
clearly evidenced by X-ray data (Figure 7), and a
nematic phase, which shows readily identifiable threaded
and Schlieren textures, according to whether a thick or
thin film preparation is used, respectively. Two types
of disinclination are observed, one with strength s = £/,
and one with strength s = +1. The former dominates
at lower temperatures. However, more and more dis-
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inclinations of strength s = 41 form as the temperature
is increased. Simultaneously scintillation effects can be
observed. At about 345—350 °C, the first drops of
isotropic liquid appear. On cooling, the nematic phase
separates from isotropic liquid in the form of typical
droplets, which then coalesce and build up the Schlieren
texture. Symmetrical para-disubstitution of 2 by CN
groups raises the melting point by about 72 °C and
increases the liquid crystal/isotropic transition temper-
ature even more (> 350 °C). These results show the very
powerful effect of the CN group in enhancing nematic
thermal stability. It is tempting to relate this to the fact
that ring CN groups have strong dipoles which lie along
the long molecular axis. Such dipoles have been envis-
aged3! as causing repulsions between molecules which
lie parallel to one another, i.e., side by side, thus
destabilizing smectic molecular arrangements.

Compound 5. DSC (Figure 2b) and X-ray data (Figure
8 and Table 4) make evident that compound 5, while
heated, exhibits a multiplicity of phase transitions. A
close analysis of these data, hereunder detailed, leads
to the conclusion that the following phases sequence is
involved:

59.2°C 105.2 °C 159.7 °C 164.3 °C
Ky K, 3 4

204 °C 251.1°C
Se Sc Sa

>315°C

The four crystalline (or 3D ordered smectic) modifica-
tions are clearly evidenced by DSC and X-ray diffraction.
It is worth noting that in the temperature range of the
Kz phase (105—159 °C) the angular positions in the
X-ray patterns and the relative intensities of the wide-
angle reflections corresponding to spacing 4.51 and 3.96
A are in agreement with the data reported by Doucet
et al. for low mass smectic E (Sg) phases.32 Therefore,
these reflections could be tentatively indexed as the 110
and 200 reflections of a two-dimensional pseudorectan-
gular lattice with cell parameters a =7.92 + 0.1 A and
b =55+ 0.5 A. The a/b ratio is =1.44, which differs
noticeably from an ideal hexagonal arrangement of the
molecules characterized by a = b+/3. This is consistent
with most results reported so far for Sg phases. Usually,
powder patterns of the crystal-like Sg phase display hkl
reflections very close to the hkO ones. The other hkl
reflections remain mostly undetected on such pat-
terns.3233 The presence of the reflection at 4.26 A (Table
4), which could be indexed as 112 reflection, would
confirm the attribution of a Sg phase (crystal-like phase)
to the K3 phase under investigation. In addition, the
X-ray patterns are characterized in the small-angle
region by three peaks, namely a third-order reflection,
003; a fourth-order reflection, 004; and a fifth order
reflection, 005. They correspond to a Bragg spacing of
d = 34.13 A, which is close to the extended molecular
length, L = 35.10 A. Upon heating compound 5 for the
first time, between crossed polarizers, no fluidity can
be detected below 160 °C. At this temperature, the onset

(31) Gray, G. W. 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.

(32) Doucet, J.; Levelut, A. M.; Lambert, M.; Liebert, L.; Strzelecki,
J. J. Phys. Collog. Fr. 1975, 36, C1—13.

(33) Doucet, J.; Levelut, A. M. J. Phys. (Paris) 1977, 38, 1163.
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Table 3. Phases Transitions of Compounds 2—6

Compound

Phase - Transition Temperature (°C) - [Enthalpy Change AH (J/g)] ®

2 K 240[62.92] $,282.7[9.9] N315.1[1.3]1

[ —
s YA \
\_7 =N s 3 K, 125.3[11.7] K, 249.9 [25.4] K3 263.4 [57.7] N 291.3[1.8] |
NC N= / \
7/ \_y \—Q-CN 4 K,279[2.7] K, 311.9 [03.6] N >350 |

(H]3c6)0_©_\ N— 7\
\ 7/ \_ @o(csﬂlz)s Ky 59.2 [10.3] K, 105.2 [2.4] Ky 159.7% K, 164.3% Sg204% Sc 251.1 [12.6] 8, >315 |

e BT

\ 7/ =\ oN 6 K 120.7[19.5] $,,° 185205 §,,% 233.7 [6.9] N 302.5[0.34] |

a Determined by DSC. ? The enthalpy change cannot be determined because of the overlapping of the Ka/K4 and K4/Sk transitions.
¢ Very small endotherm. 4 Undetected by DSC, but evidenced by optical microscopy and X-ray diffraction. ¢ Sy; and Sy could be tentatively
identified as a smectic B and a smectic A phase, respectively, from the results obtained by optical microscopy and X-ray diffraction (see

the text).

Figure 3. Diffraction pattern for an oriented sample of the
Sa phase of compound 2.

of melting occurs, but the material displays a high
viscosity and produces an ill-defined texture which does
not reveal any particular morphological feature useful
for phase identification.

Over the temperature range 180—210 °C, the viscosity
decreases and homogeneous domains form in which
lines (looking like a string of pearls) that are sets of
small focal conics can be observed. In the thin portions
of the preparation, a Schlieren texture develops as the

Figure 4. The focal conic fan texture of the Sa phase of 2
(crossed polarizers, magnification 200x).

temperature increases from 210 to 250 °C. This Schlier-
en texture exhibits only singularities with s = +1, which
is consistent with a smectic C (Sc) phase.
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Figure 5. The Schlieren texture of the nematic phase of 2
(crossed polarizers, magnification 200x).

Over the temperature range 250—270 °C textural
changes occur, indicating the existence of a Sa phase.
When thick-film preparation is used, it exhibits a
polygonal texture. Fan-shaped textures appear in thin-
ner specimens. Variants with spherulitic domains or
ellipses of different dimensions are also observed,
depending on the experimental conditions. Simulta-
neously, homeotropic texture is obtained from the
Schlieren texture. The Sa/isotropic liquid transition is
undetected by optical microscopy up to ca. 315 °C, the
temperature at which sublimation and degradation of
compound 5 occur.

Upon cooling from the Sp phase, the Sc phase shows
the broken polygonal or fan-shaped texture and the
Schlieren texture. The Sc/Sg transition is clearly ob-
served. The Schlieren areas are still retained, but the
texture is now crossed with fine mosaic lines, giving a
Schlieren—mosaic texture. Simultaneously, the fan
texture shows breakages, although in a limited number.

Confirmation of the identification of the Sg and Sc
phases was obtained by X-ray diffraction (Figure 8 and
Table 4). In the Sc phase, X-ray diffraction patterns
show a diffuse halo, which is related to lateral interac-
tions between the mesogenic cores and corresponds to
an average molecular spacing of ca. 4.45—4.55 A, and a
small peak (d = 11.04 A), which indicates the existence
of extensive layer-like correlations and can be indexed
as the 003 reflection on the layer planes. The layer
thickness (d = 33.12 A) is smaller than the extended
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molecular length (L = 35.10 A), showing that the
molecules are tilted with respect to the normal to the
layer planes. The tilt angle 6 (cos 6 = d/L) is about
19°30" at 215 °C. In the Sg phase the X-ray diffracto-
grams are similar to those of the Sc phase, except that
the diffuse halo is replaced by a broad peak, indicating
that now the mesogenic cores are packed in a hexagonal
array. The layer thickness is d = 32.46 A at 190 °C,
which corresponds to a tilt angle 6 = 22°30' (d = 31.62
A at 180 °C, 6 = 26°). It should be noted that the
appearance of the Sg phase is accompanied by a jump
in the value of the lamellar spacing. Such an effect
seems to be a general feature of the Sg (or S))/Sc
transition in low molar mass LCs.343% The X-ray inves-
tigation did not yield conclusive information about the
Sa phase because decomposition and sublimation of the
specimen occurred during the time required to record
the scattered intensity.

All these results confirm information about the effects
of terminal substituents on liquid crystal properties
which have been obtained by studying mesogenic com-
pounds differing only in the nature of their substitu-
ents.?! It has been found that while certain terminal
ring X substituents, e.g., X = long n-alkyl chains, favor
smectic thermal stabilities, others, e.g., X = CN, mark-
edly enhance nematic and diminish smectic thermal
stabilities. The results in Table 3 show that these effects
are also observed for compounds 4 and 5. Compound 5
is purely smectogenic.

Compound 6. The very powerful effects of the CN
group and n-hexyl group in promoting nematic and
smectic phase formation, respectively, are highlighted
by the fact that the unsymmetrically para-disubstituted
compound 6 exhibits, in addition to a crystalline (or 3D
ordered smectic), a nematic (N), and two smectic not
immediatly identifiable phases (Sx1 and Sxy) (Table 3).

Upon heating compound 6 for the first time, no
fluidity can be detected by optical microscopy below
110—130 °C. In this temperature range, which corre-
sponds to the first DSC endotherm (Figure 2c), melting
occurs. However, the material displays high viscosity
and no typical texture can be induced. Over the tem-
perature range 185—195 °C (i.e., Sx1/Sx. transition),
although no transition appears in the DSC trace (Figure
2¢), the viscosity decreases slighty and the ill-defined
texture is progressively replaced by sets of small conics
and spherulites. Simultaneously, the thinner portions
of the preparation become blue-gray. In the second DSC
endotherm region (220—250 °C), the viscosity again
decreases and the nematic phase appears with readily
identifiable Schlieren and homeotropic textures. When
cooled to the N/Sy, transition, growth of batonnets and
formation of small spherulites can be observed. As the
temperature is further decreased, the spherulites pro-
gressively disappear. At ca. 185—175 °C (Sx1/Sx. transi-
tion), textural changes occur and the spherulitic texture
is replaced by small platelet-like domains of uniform
color.

The crystalline phase is clearly evidenced by X-ray
diffraction. At room temperature, the X-ray diffracto-

(34) Benattar, J. J.; Moussa, F.; Lambert, M. J. Chim. Phys., Phys.
Chim. Biol. 1983, 80, 99.

(35) Kumar, S.; Le Grange, J.; McMillan, W. L.; Mochel, J. Phys.
Rev. A 1982, 25, 2258.



2066 Chem. Mater., Vol. 11, No. 8, 1999 Attias et al.

INTENSITY
(a. w)

TEMPERATURE (°C)

"
‘Iew
M

20(%)
Figure 6. Time-dependent X-ray diffraction plots (TDXD) for compound 3 in air.
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Figure 7. Time-dependent X-ray diffraction plots (TDXD) for compound 4 in air.
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Figure 8. Time-dependent X-ray diffraction plots (TDXD) for compound 5 in air.
gram presents several well-defined peaks corresponding parameters. It is worth noting, however, that the first
to the lattice spacing given in Table 5. From these data four orders of reflection correspond to a repeat distance

alone we are unable to confidently propose unit cell d = 30.25 A, which is roughly equal to the extended
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Table 4. d Spacings Measured from the TDXD Plots for
Compound 5 in Air (L = 34.1 A)

temp (°C) d spacing(A)
20 32.402 16.232 10.812 5.42 4.555 4.38 4.29
4.16 3.79 3.67
30 10.84 6.54 5.43 5.00 4.55 4.34 4.26 4.14
3.93°3.76 3.64
40 10.95 6.64 6.52 5.92 5.43 5.01 4.56 4.35
4.27 4.07 3.77
60 10.96 6.68 6.54 5.91 5.44 5.02 4.59 4.37 4.29
4.17 4.07 3.8
80 10.98 8.23 6.68 6.55 5.92 5.45 5.02 4.60 4.40
4.32 4.20 4.08 3.2
100 11.03 8.256.87 6.67 6.58 5.92 5.73 5.18 5.05
4.64 4.43 4.36 4.10 3.85
120 11.52 8.63 6.90 5.73 4.50 4.29 3.91 3.81
140 11.36¢ 8.53¢6.84¢ 5.69 4.51 4.26 3.96
160 11.47911.14¢ 10.441 8.38° 6.69¢ 5.59¢ 4.51
4.2394.11f
180 10.59 9.05 6.69 6.34 5.92 5.26 4.44 4.11 3.81
200 10.836.70 5.92 4.46 3.81
220 11.08 6.70 5.93 4.44 (diffuse halo) 3.81

a Base reflection, 001; second-order reflection, 002; and third-
order reflection, 003, corresponding to a Bragg spacing of d = 32.43
A. P Reflections of the K, phase. ¢ Phase third-order reflection, 003;
fourth-order reflection, 004; and fifth-order reflection, 005, corre-
sponding to a Bragg spacing of d = 34.13 A. d Reflections of the
Ks. ¢ Third-order reflection, 003; fourth-order reflection, 004; fifth-
order reflection, 005; and sixth-order reflection, 006, corresponding
to a Bragg spacing of d = 33.48 A f Reflections of the Sg phase.

Table 5. d Spacings Measured from the TDXD Plots for
Compound 6 in Air (L = 30.54 A)

temp (°C) d spacing (A)
20 302vs P 15.1025 10.132 w 7.602 m 5.94 w 4.97 s
4.30m 3.755s3.63 m

120 429s

140 4.30s

160 4.32s

180 4.33s

200 435s

220 4.37% w

240 4.6 (diffuse halo)

260 4.6 (diffuse halo)

a Base reflection, 001; second-order reflection, 002; third-order
reflection, 003; and fourth-order reflection, 004, corresponding to
a Bragg spacing of d = 30.25 A. ® vs, very strong; s, strong; m,
medium; w, weak. ¢ Very broad peak of low intensity.

molecular length L = 30.54 A. The X-ray diffractograms
do not change significantly with increasing temperature
up to the melting point. A further increase in temper-
ature results in a transformation of the X-ray diffrac-
tograms which are characterized in the wide-angle
region by a strong peak at d = 4.29 A(120 °C) to 4.35 A
(200 °C), suggesting a smectic B (Sg)-like structure.
This reflection could be indexed as the 10 reflection of
a 2D hexagonal lattice of parameter a = 4.95—5.02 A.
The X-ray diffractograms show no evidence of hkl
reflections. Hence, three-dimensional correlations are
either absent or extremely weak in this smectic phase.
The smectic period cannot be determined. Neither the
base reflection nor higher order reflections on the layer
planes can be detected in the X-ray diffractograms. It
is worth noting that high polar substituents, e.g. CN or
NO,, induce new correlations (essentially of a dipolar
nature) between molecules and favor an antiparallel
arrangement of permanent dipoles. An overlapping
head-to-tail arrangement of molecules would lead to a
stacking period in excess of the extended molecular
length L (but less than 2L), i.e.,, too large to be
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Figure 9. Optical absorption and photoluminescence spectra
of compounds 2—6 in a mixture of toluene and acetonitrile (50/
50 viv).

determined under our experimental conditions (20 > 7°,
d < 14.66 A). Over the temperature range 120—220 °C,
the reflection shifts to progressively lower angles and
gradually broadens and weakens in intensity. At 220
°C, in the Sy, phase, only a weak broad peak appears
at d = 4.37 A, indicating that the layers are less
structured than in the Sy, phase or even liquidlike as
in Sa phases. At above 240 °C, in the N phase, only a
broad, diffuse halo is observed at d = 4.6 A.

Linear Optical Properties. The linear optical data
(i.e., absorption and emission maxima, molar extinction
coefficient (¢), and quantum vyields of fluorescence)
obtained for compounds 2—6 in solution with a mixture
of toluene and acetonitrile (50/50 v/v) are reported in
Table 6.

UV—Visible Absorption. The high values of the molar
extinction coefficients reported in Table 6 indicate that
this strong absorption corresponds to a 7—s* transition.

Absorption spectra are shown in Figure 9. They
exhibit a single structureless and broad absorption peak
which could come from a distribution of ring-torsional
ground states. Both the replacement of the phenyl rings
by thienyl rings, on one hand, and the para-disubstitu-
tion of 2 by electron-donating and/or electron withdraw-
ing groups, on the other hand, lead to a slight red shift
of the absorption maximum: 3.49 eV (355 nm) for 2 as
compared to 3.29, 3.39, 3.32 and 3.34 eV (377, 365, 373,
and 371 nm) for 3—6, respectively. This bathochromic
effect mirrors an increase of the conjugation path length
in the latter molecules, the s-electron delocalization
along the entire unsaturated molecule being more or
less influenced by the donor or acceptor character of the
substituents.

Photoluminescence. Figure 9 compares the photolu-
minescence (PL) spectra of the compounds 3—6 to that
of 2 in the region 1.5—3.4 eV (365—830 nm). In the
latter, a structured emission is observed with two
distinct peaks at ca. 3.08 and 2.93 eV, with a shoulder
at about 2.77 eV. Symmetrical para-disubstitution of 2
by electron-withdrawing CN groups, to give 4, results
in a small red-shift (0.06 eV) of the peaks. The electron-
donating OCgH33 group in 5 induces a greater red-shift
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Table 6. Main Features of Absorption and Emission Spectra for Compounds 2—6 in a Mixture of Toluene and
Acetonitrile (50/50 v/v)

absorption emission
compound Emax € Emax 2 o,
@)  10*imor’.cm’ Q%) (%)

\_7/ =y \—Q 2 349 6.8 3.08,2.93,277” 62

\ N=
%
’ \ 7\ \—[}\ 3 329 46 293,278,262 10

NC N= / \

\_/ =y \Q—CN 4 339 8.0 3.02,287,2742 72

= ¥<;>’°<‘36“13> 5 332 46 292,277,261 27

) NI NI
\_7 \=y \—O—CN 6 334 2.8 2.45 50

a Obtained by deconvolution of the emission spectrum.  Shoulder.

(0.16 eV). In this case, however, the PL spectrum aromatic aldehydes, to highly w-conjugated molecules
broadens so that only two major peaks are discernible. which can find applications in optoelectronics. This is
Similar effects are observed when the phenyl rings are specially the case with the donor—acceptor para-disub-
replaced by thienyl rings, again indicating that the stituted compound 6, which gives rise to a charge-
latter act also as electron-donating groups. transfer phenomenon, allowing it to be active in NLO.

As shown in Table 6, the main distance between Hyperpolarizability 5 measurements are under inves-
component peaks of each spectrum is on average 0.16 tigation. In addition, formation of mesophases, a general
eV for compounds 2—5. This value agrees with the characteristic of these molecules, is an advantage of this
energy of the intense absorption bands observed in the application. The use of benzaldehydes bearing reactive

Raman spectra between 1600 and 1100 cm™* (0.14-0.2 functional groups (for instance 4-hydroxybenzaldehyde)
ﬁv)' Thesle_ bands are m(;]s_t probgbly duitodphenylﬁng offers the opportunity to synthesize reactive chro-

eterocyclic C=C stretching and C—H bending, whic mophores able to be grafted on macromolecular chain,
suggests that the structured feature of the emission with a view to obtain SCLCPs exhibiting NLO proper-

spectra arises from these vibronic couplings in the ties. This approach is now also being investigated.?’
ground state.

The emission spectrum of 6 is quite different. The Besides, the photoluminescence, another property
asymmetrically para-disubstituted compound is found exhibited by most compounds, could be used for LED
to emit a broad and structureless band in the range 1.5— design, as will be described in a later paper.®
2.90 eV (430—830 nm), with a maximum at 2.45 eV.
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More information about this phenomenon and the
photophysical and electrochemical properties of the
compounds will be reported in a future paper.6
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Conclusions Supporting Information Available: Figure 1S (solid FT-

Starting from a 3,3'-bipyridine core leads easily, by Raman spectrum of 4 over the range from 3400 to 200 cm™),

Knoevenagel condensation with differently substituted and Figure 2S (**C NMR spectra of 4 in CDCls, recorded by

using the INEPT pulse sequence with (a) J = 165 Hz and (b)
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