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ABSTRACT New rigid rod and conjugated polymers based on poly(aryleneethyny1ene) have been synthesized 
by a palladium-catalyzed polycondensation. Long alkyl side chains were bound to the aryl groups by ester, 
ether, or other functions in order to increase solubility, in order that this might lead to higher molecular 
weights and longer conjugated backbones. We chose also to act on the electron density of the conjugated 
chain by means of an electroactive functional group or an electron donor or electron acceptor attached to 
the phenyl moiety. We first synthesized some polymers with alkoxy groups and long hydrocarbon tails of 
10 and 12 carbon atoms. We compared these model polymers with other polymers, homopolymers based on 
phenyl groups bearing thioether substituents or alkyl esters as electron acceptors, and also alternated copolymers 
based on the former and other electron donors, anthryl or thienyl groups, or acceptors, phenyl substituted 
by ester or nitro groups. The characterization by GPC of the poly(phenyleneethyny1ene) substituted with 
two dodecyl ether chains on the phenyl group shows the highest average molecular weight ever synthesized 
on this type of homopolymer, finding a value as high as lo5 g/mol. The new homopolymers and copolymers 
based on the phenyl alkyl ether were similarly characterized. The spectroscopic linear properties in solution 
and in solid thin films confirm a large shift of the main absorption peak of the FA* transition in the visible 
range according to the donor or acceptor character of the substituent or comonomer group. Studies by Raman 
spectroscopy of the alkoxy phenyl homopolymer and the corresponding trimer show a shift of the triple bond 
stretching band and thus a greater delocalization for the polymer. Highly birefringent liquid crystalline 
phases are induced by rubbing or shearing and are confirmed by an observation of the optical dichroism along 
the shearing direction. 

1. Introduct ion 

The linear and rigid conjugated chains of polymers have 
attracted our attention for the preparation and the study 
of processable polymers for nonlinear optical applications.' 
The processing of conjugated polymers into films or fibers 
will be crucial for the development of nonlinear materials 
for photonics applications. Unfortunately, the polarizable 
.rr electrons of rigid rod conjugated polymers lead to strong 
intermolecular interaction, and macromolecules of high 
molecular weight are often insoluble and infusible. The 
processing of conjugated polymers has also been developed 
in the field of conducting polymers. The solubility of rigid 
rod conjugated polymers such as poly@-phenylene) is 
increased if one or two alkyl chains are tied to the repeating 
units.* Other highly interesting compounds have been 
developed based on rigid rod conjugated polymers, which 
combine the properties of aryl and acetylenic functions 
leading to a new family of linear or bidimensional 
 polymer^.^^^ The idea of using the alternating aryl and 
ethynyl group in the main chain of a polymer was 
introduced 10 years The first synthetic route to the 
polymerization of the arylethynyl was performed via a 
cuprous acetylide. Recently, a more convenient method 
using the palladium-catalyzed polycondensation has been 
applied to the synthesis of aryl ynylene polymeric chains,6 
more generally known in organic synthesis as a Heck 
coupling.' During the catalytic reaction either the low 
solubility of the arylethynyl oligomers or more likely the 
low solubility of the intermediate complex prevents the 
formation of high molecular weight chains. The molecular 
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weights of the series containing phenyl, anthryl, thienyl, 
or pyridyl moieties3 rose only to  values between 1500 and 
4000. Recently, the possibility of increasing the solubility 
and simultaneously the molecular weight of such back- 
bones was investigated by the attachment of flexible side 
chains to the rigid core of the main chain.6 The molecular 
weights of these polymers, characterized by the classical 
methods such as GPC or vapor pressure osmometry, did 
not rise above a value greater than 104 (DPn about 15) for 
the more soluble homopolymer with C18 alkoxy groups. 

In this work we chose to attach an alkyl chain on the 
aryl by the intermediate ester or ether function groups in 
order to increase the solubility and the molecular weight. 
Long chains of poly(ary1 ynylene) were obtained by 
improving the polymerization conditions. We chose also 
to act on the electron density of the conjugated chain by 
means of an electroactive functional group, electron donor 
or electron acceptor attached on the phenyl moiety. We 
synthesized, first, some polymers with alkoxy groups and 
long hydrocarbons tails of 10 and 12 carbon atoms. These 
polymers will act as reference for the comparison with 
polymers based on electron donors, anthryl or thienyl 
groups, or electron acceptors as esters with different lengths 
and different numbers of paraffinic tails. In this work we 
will give a large characterization of these new polymers by 
a GPC chromatographic study related to spectroscopic 
linear properties in solution and in solid thin films, 
including true molecular weight determinations obtained 
by on-line light scattering. 

2. Resul ts  
2.1. Synthet ic  Methods. The phenylene ynylene 

polymers were synthesized by a condensation method 
known as Heck coupling,&lO A substituted diethynyl arene 
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Figure 1. l3C NMR spectra of pPYOC12 in CDC13. 

reacts with a disubstituted halogenoaryl compound in the 
presence of a catalytic amount of a palladium complex. 
This general route is described as follows 

where R1, R2, R3, R4 could be the same or different (H, 
NO2, alkyl ether, alkyl thioether, or alkyl ester...). As aryl 
units we synthesized homo- or copolymers with phenyl, 
thienyl, anthryl, or stilbene groups. The polymers and 
their polymerization yields are given in Table 1, where we 
also report the abbreviated names used in this paper. 

2.2. Properties of the Polymers. All these polymers 
are deep colored from yellow to purple red; they are soluble 
in solvents such as THF, CH2C12, CHCl3, hot toluene, and 
xylene. Those with acceptor substituents (ester, NOz) 
show poor solubilities, except in THF, which could be 
considered as the best solvent. pPYOC12A is slightly 
soluble, except in hot toluene and xylene. 

2.2.1. Characterization of the Polymers in Solution. 
NMR Spectroscopy. The 'H and I3C NMR spectra were 
obtained in CDC13. The lH spectra of the polymers are 
slightly different from those of the monomers. All the 
resonances are broader, and no signal has been detected 
in the near 3.5 ppm region of the acetylenic proton in any 
case. A very weak additional signal appears in the aromatic 
region (at 7.10 ppm for pPYOClP), which is assigned to 
the phenyl end groups, carrying a nonreactive bromine 
atom. 

Figure 1 represents the spectra of pPYOC12. It 
shows a signal a t  92 ppm, assigned to the acetylenic 
carbons. The aromatic carbons of the main chains are 
detected a t  153,117, and 114 ppm. The small peak at  149 
ppm might be assigned to the terminal carbons of the 
chain end. The carbons belonging to the alkoxy side chains 
appear as very strong signals, a t  70 and from 32 to 14 ppm. 
The triplet at 77 ppm is due to CDCls. The 13C spectra 
of the other polymers show similar signals. 

Molecular Weight and Stiffness. The molecular 
weight measurements were performed by gel permeation 
chromatography (GPC) in eluent THF using the coupled 
on line light-scattering technique." By this method the 
true molecular weights of the rigid rod polymers can be 
obtained versus the elution volume. A complete molecular 
weight distribution study was performed on the homo- 
polymer phenyl diether C12 (pPYOC12). Very high 
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Figure 2. Intrinsic viscosity vs M, of pPYOC12. The continuous 
line represents the least-squares fit of the intrinsic viscosity of 
the polymer, the dotted line the curve of the polystyrene. 

molecular weights have been detected, values as high as 
4.5 X lo5, and the weight-average molecular weight of the 
sample raised &fw = 9.8 X lo4, taking a refractive index 
increment in T H F  of 0.264 X 10-3 m3.kg1. Moreover, the 
molecular weight distribution &fw/&fn = 1.47 is not very 
broad for this type of polycondensation. Calculated from 
a single measurement of light scattering on a sample, we 
found a value of the weight average molecular weight &fw 
= 10.5 X lo4, which confirms the GPC determination and 
proves that the column acts only by a size exclusion process 
without absorption of the rigid and highly polarizable 
chain. All the polymers of Table 1 were also checked by 
GPC, which shows the same typical shape of the chro- 
matogram as pPOC12 with a maximum peak in the same 
range of elution volume (Vel). According to the elution 
law &fw = /Vel of this polymer type, this observation implies 
that the weight average molecular weights M,,, for the 
remaining polymers of the series are found in the range 
of (8-10) X lo4. Using the GPC preparative method on 
the crude product, we removed the shortest oligomers 
(dimers or trimers) of the samples, which should be inactive 
for nonlinear optics (NLO) and for all following mea- 
surements. 

By using the universal law of the variation of the 
hydrodynamic volume versus the elution volume in the 
chromatogram, the intrinsic viscosity tql of the polymer 
can be related to the light-scattering molecular weight. 
Figure 2 shows the curve log [ q ]  = /(log M,) for polymer 
pPYOC12. The linear plot in this log-log representation 
shows that the polymer in solution obeys the Mark 
Houwink equation, [ q ]  = KMa, where a high value of CY = 
1.92 is calculated. This high value of the power LY shows 
a very high stiffness of the polymer chain in solution, which 
confirms the rigid rod character of this type of back- 
bone.l2aPb 

The very high value of the radius of gyration (Rg), 
calculated from the Zimm plot, is 630 A, a value which is 
perfectly consistent with the rigid rod character of the 
polymer and the high stiffness of the chain in solution. 

2.2.2. Optical Properties. UV-Vis Spectra. Figure 
3a shows the UV-vis spectra of pPYOCl0 and the 
corresponding diethynyl monomer in THF solution. The 
polymer, unlike the monomer, shows an important ab- 
sorption in the visible range with a peak a t  429 nm. The 
spectra in solution of the three parent homopolymers and 
the alternated copolymer, pPYOC10, pPYCOOC12, and 
cpPYOC12A are given in Figure 3b. The spectra have 
similar features: a main peak with a maximum between 
380 and 510 nm and a small peak in the near-UV, around 
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Table 1. Spectroscopic Data of Solutions or of Thin Isotropic Solid Films for the Principal Poly(ary1 ynylener) 
polymers polym yield (76 ) A, soln THF (nm) t (Lsmol-l) A, film (nm) -- fl 

c o  
10 

n 

72 429 1.64 x 104 455 
2.72 eV 

pPYOC10 

15 425 1.63 X 104 453 
2.73 eV 

k 
c o  

12 

pPYOC12 
74 433 1.02 x 104 450 

2.75 eV 

I 
c o  

12 
' n  

cpPYOC12T 
38 425 1.58 x 104 469 

2.64 eV 

c 0' 
12 

n 

CPPYOC 12s 
68 508 7.1 X 103 521 

2.38 eV 

cpPYOCl2A 

39 404 1.14 x 104 412 
3.00 eV 

c o  
12 

1 
n 

cpPYOC12N 

65 383 3.62 x 104 405 
3.06 eV 

' n  

pPYC0OC 12 

52 408 2-84 x 104 412 
3.00 eV 

I c 0' 
12 n 

cpPYC0OC l2Cl 
55 1.70 x 104 

1 

pPYSC12 

310 nm. The spectra of the solid films are almost the 
same as in solution, but with a red shift of the main peak 
of about 15 nm. 

Passing from pPYOC12, where the lateral side chains 
are donor (ether substituents) to  pPYCOOC12, where the 
side chains are acceptor (ester groups), Figure 3c shows 
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Figure 3. UV-vis spectra in THF (a) of the monomer unit 
PYOClO (continuous l i e )  and the corresponding polymer 
pPYOCl0 (dashed line), (b) of the pPYCOOC12 (continuous 
line), pPYOC10 (dashed line), and cpPYOC12A (dotted line), 
and (c) of the pPYCO2C12 (dotted line), cpPYCOOC12 (con- 
tinuous line), and pPYOCl2 (dashed line). 

a net blue shift of the absorption peak, from 431 nm for 
pPYOC12 to 383 nm for pPYCOOC12, Le., AA, = 48 
nm. The A, values of the solutions in T H F  and of the 
solid-state films are given in Table 1 for the polymers of 
the diethynyl series. 

pPYSC12 has a broad absorption band from 300 to 450 
nm with a band a t  335 nm and a shoulder a t  390 nm; it 
shows an orange color which is due to its strong lumin- 
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Figure 4. Fluorescence spectra of pPYOC12 in THF solution 
(a) and in solid state (b). 

escence. The copolymer cpPYCOOC12 having alternated 
ether and ester substituents has a peak a t  408 nm, which 
is not so far from the average value of the pure ester and 
pure ether homopolymer A,. The other copolymer with 
alternated donor and acceptor substituents (ether-ni- 
trobenzene copolymer) shows similar behavior with a A, 
= 404 nm. The intramolecular charge transfer is well 
known for phenyl derivatives. The delocalization is greater 
with a donor than with an acceptor, the former giving a 
more efficient charge transfer to the conjugated chain 
through the phenyl ring. 

The copolymer spectra with ether substituents and 
stilbene or thiophene units related to the ether homopoly- 
mer shows only little differences. A notable exception 
takes place for the copolymer phenyl-ether-anthracene 
which shows a large red shift of about 83 nm with the main 
peak a t  508 nm. 

Fluorescence. The polymers of this series have a very 
intense fluorescence in solution (green) even a t  a very low 
concentration and in solid state (yellow). Figure 4 shows, 
for example, the fluorescence of the homopolymer pPY- 
OC12 in solid state and dissolved in THF (4 X lo-' mol/ 
L). The solid presents a maximum emission peak a t  558 
nm with the excitation wavelength a t  453 nm and the 
solution a t  473 nm with the excitation wavelength a t  300 
nm. 

Raman Spectroscopy. The Raman spectra were 
obtained a t  room temperature on cast films of the polymer 
ether pPYOC12, the oligomer model (PYOC12)3, and the 
thioether pPYSC12. The measurements were obtained 
with a 1064-nm excitation wavelength in order to avoid 
the strong luminescence of these samples in the visible 
region. 

The Raman spectra of the three samples are compared 
in Figure 5. Figure 5a shows the spectra of the pPYOC12 
trimer and polymer; the trimer shows several bands which 
disappear in the polymer, where few bands are observed 
a t  2196, 1595, 1548, 1288, 1069, and 800 cm-l. Such a 
phenomenon is common to all the known classes of 
polyconjugated oligomers and polymers: the 4 modes 
which are coupled to the A-r* electronic transition 
increases their relative intensity in the spectrum with 
conjugation, even when the spectra are obtained far from 
resonance. The 2196 cm-l band is associated with a mode 
containing a strong C 4 !  stretching component; the 1600 
cm-1 doublet is associated with vibrational modes of the 
conjugated backbone containing ring deformations and 
aryl ethynyl C-C stretching vibrations. 
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Figure 6. Thermogravimetric analysis of pPYCOOC12 in air. 
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Figure 5. Raman scattering spectra (a) of the pPYOC12 
(continuous line), and the corresponding trimer (PYOC12)3 
(dotted line) and (b) of pPYOC12 (continuous line), pPYSC12 
(dotted line), and the (PYOC12)3 trimer (dashed line). 

Figure 5b shows the C=C stretching band of the three 
samples. There is a shift to lower frequencies passing 
from the trimer (Av = 2207 cm-9 to the polymer (Au = 
2196 cm-l) while the bands below 2000 cm-l do not vary 
in frequency. This shift is due to an increase in the polymer 
of T electron delocalization along the unsaturated 
which has been also detected in the UV-vis absorption 
spectra by a red shift of 48 nm. The polymer shows a 
broader C=C stretching band (30 cm-l half-height band 
width for ~YOC12,19cm-~ for (PYOC12)3), thusindicating 
the presence in the polymeric sample of a wider distribution 
of conjugation lengths. pPYSC12 and pPYOC12 show a 
similar C=C stretching band (Au = 2199 cm-l and 35 cm-l 
half-height band width for pPYSC12) which may be 
roughly interpreted as a similar mean conjugation length 
for both polymers, with a wider polydispersity in pPYSC12. 

In conclusion, these results indicate that the Raman 
C* stretching band frequency is a probe of the T-electron 
delocalization along the conjugated backbone, while similar 
to poly@-phenylenevinylene) ,l3b the Raman modes below 
2000 cm-l do not shift in frequency with the extent of 
conjugation. 

2.2.3. Thermal Properties. We studied the behavior 
of two homopolymers, the first with one ester substituent 
on each phenyl (pPYCOOC12) and the second disubsti- 
tuted with ether side chains (pPYOC12). By thermo- 
gravimetric analysis performed in air (Figure 6), we 
observed for the pPYCOOC12 a weight loss of 2% a t  180 

"C. The loss increased after 200 "C and became faster 
after 350 "C. The remaining weight at  800 "C was about 
25%. The pPYOCl2 showed a better thermal stability 
than the monoester (2% weight loss at  220 "C). 

The solid films of those polymers, obtained by casting 
the concentrated solutions on glass plates, were observed 
in polarized light. Only a homeotropic orientation was 
detected. Nevertheless, these films exhibited a strong 
birefringence after rubbing the surface or shearing the 
melt. This birefringence could still be induced a t  room 
temperature. By heating over 70 "C, the polymers became 
more fluid and the samples remained highly birefringent 
until 150 "C. A t  higher temperatures, the polymersstarted 
to decompose. The textures observed in the liquid 
crystalline phase were not the classical and characteristic 
textures of smectic or nematic mesophases. 

The DSC studies of both the pPYCOOC12 and pPY- 
OC12 showed no melting and no crystallization down to 
-120 "C, but did show a reversible weak enthalpy transition 
at  about 70 "C. Those results were corroborated by the 
observation that showed some more fluid states for 
temperatures higher than 70 "C but still birefringence. 

Figure 7 shows the X-ray scattering patterns obtained 
for pPYCOOC12 at  room temperature (top) and 80 "C 
(bottom). A diffuse Bragg reflection a t  large angles and 
a sharp band a t  small angles are clearly observed, whose 
corresponding periodicities are about 4.5 A for the diffuse 
reflection and 26 A for the sharp band. A sharp diffraction 
ring of low intensity could be also observed a t  wide angle, 
corresponding to a periodicity of 3.59 A. The diffraction 
diagrams of Figure 7, obtained successively a t  room 
temperature and in the fluid birefringent phase a t  80 "C, 
show clearly at  small angles a sharper diffraction ring at  
80 O C  than a t  room temperature, which indicates an 
increase of the order in the fluid phase. The sharpness 
of the diffraction rings in the liquid crystalline phase of 
Figure 7b suggests also that themesophase of pPYCOOC12 
has a lamellar order, similar to the molecular organization 
of a smectic mesophase. Unfortunately, no specific texture 
can be clearly identified from optical microscopy to confirm 
this mesophase. For pPYOCl2 the diffraction patterns 
are similar to the previous one. A sharp diffraction ring 
is observed a t  low angle and only a diffuse halo a t  wide 
angle. These results suggest the same lamellar order. 

2.2.4. Orientation. The liquid crystal properties 
enabled the orientation of the polymers by shearing or 
methods such as thermal gradient. Through thermal 
scanning by a laser beam a t  the absorption band wave- 
length of the polymer (488 nm), a rather good orientation 
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Figure 7. X-ray scattering patterns of pPYCOOC12 (top) at 
room temperature and (bottom) at 80 "C. 
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Figure 8. Optical micrograph between crossed polarirers of 
partiallyorientedfilmbyshearingat9O0C betweenfusedquartz 
plates. 

of the heating zone was shown.'4 Figure 8 shows the 
birefringence of the highly red colored pPYOC12 film 
observed by optical microscopy and partially oriented 
under shear a t  70 'C. The observation between crossed 
polarizers revealed in red the oriented microdomains in 
thedirectionofshear. FigureSshows theopticaldichroism 
of a thin oriented film in the UV-vis range for different 
angles of the polarized incident light. The two extreme 
curves are obtained for the polarizations parallel and 
perpendicular to the shear axis. A broad absorption peak 
is centered on 485nm with a shoulder a t  450nm asobserved 
in unpolarized light. The other extreme curve, corre- 
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Wavelength (nm) 
Figure 9. UV-vis dichroism spectra on pPYOC12 thin films for 
some different orientation angles of the polarizer. The polarizer 
angles correspond to 0 (-), 30 (-), 60 (--),and 90° (--I with 
respect to the shear axis of the polymer. 

sponding to the perpendicular direction of ohservation, 
shows a much lower absorption band with a large attenu- 
ation and a poor resolution of the peak a t  485 nm. 

3. Discunsion 
3.1. Polymer Chain Characterization. The poly- 

condensation of substituted diethynyl aryl derivatives by 
a Pd-coupling method affords a class of soluble rigid and 
conjugated polymers of high molecular weight. The 
average molecular weight of a phenylene disubstituted by 
a long aliphatic side chain reaches a value of lo5, i.e., lo2 
times more than synthesized oligomers of ref 7, in which 
the aryl group of the backbone was unsuhstituted. More 
recently, the coupling reaction was applied to the phenyl 
rings carrying long side chains in order to increase the 
solubility of these conjugated polymers. Long flexible 
chains increase the solubility and the molecular weights 
up to lo4. Our experimental conditions, slightlydifferent, 
are milder and afford some difference in the solvent or in 
the catalysts. The polycondensation method was carried 
out in a mixture of triethylamine and tetrahydrofuran a t  
85 'C, with PdClz, PPh3, CuAcz acting as catalysts. The 
reaction was done in T H F  as cosolvent which is well known 
for its solvatation properties of metal complexes and the 
good solubilization of more or less polarizable chains. 

The solubility of the polymers depends on the number 
and length of the side chain on aryl groups. All samples 
are found to be of high molecular weight. By GPC long 
polymer chains are detected with M,  of the longest chains 
up to 5 x lo5. The solubility of substituted aryl polymers 
depends on the number and the length of the side chain 
(etheror esters) > unsubstituted Copolymers 
such as anthry-phenyldiethers, whichcarryunsubstituted 
arylgroupsasalternatingunits,are lesssoluhle in solvents 
such as T H F  or CHzClz than substituted homopolymers 
with the same flexible chain. 

The light-scattering measurements on-line method, 
already described in previous papers," demonstrates its 
utility in this work. The light-scattering detection method 
of molecular weight (hereafter LS M,) gives the weight 
average molecular weight of these very rigid chains, which 
cannot be obviously deduced from PS calibration method. 
As compared with the molecular weight determinations 
of Giesa and Schultz,'s our measurements (LS M,) show 
M ,  values 1 order higher than in the previous work. We 
found onedistributionpeakcenteredon losfor thediether 
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derivative, while the cited authors found, by extrapolating 
the correlated elution volume and calculated masses of 
the shortest oligomers from the TB method with PS 
calibration, two main oligomer peaks at  5 X lo3 and 1 X 
lo4 (method A). As we found that even for very low 
molecular weights, the PS calibration method cannot be 
applied to these polymers, the calculated masses of their 
oligomers are probably inaccurate. For the B method, 
the distribution is shifted to higher Mw's and the polymers 
become insoluble after drying, indicating a cross-linking 
of polymer samples. From GPC measurements on crude 
polymers a large molecular weight distribution occurs (Mw/ 
M,, = 1.89). The samples include in low content the 
monomer residue and the shortest oligomers (dimers or 
trimers), which could be considered as impurities related 
to the average molecular weight of lo5 and to the longest 
characterized chains (5 X 105). Moreover, for the optical 
applications it is well known that the third-order suscep- 
tibility of the tolan and their derivatives is essentiallylow.16 
Thus, by use of a GPC preparative column, the oligomeric 
fraction could be easily removed from crude preparation. 
With the increase of their weight average molecular weight 
the polymers of this work become less soluble and their 
solubilization takes a long time at  room temperature after 
drying. 

The stiffness of the chain in solution in THF using the 
principle of universal calibration shows an unusual coef- 
ficient of the slope in the Mark-Houwink representation 
(a  = 1.92). The exponent a, larger than those of usual 
semirigid chains (i.e., a = 0.90-1.00 for substituted PA in 
THF), proves that the polymers in solution are in a fully 
rigid conformation. Such values of the exponent have 
been found already in one of the most rigid poly- 
(benzothiazole) homopolymers (PBT) with catenation 
angles of nearly 180°.12b 

The value of the average root mean square radius of 
gyration of the chain in the THF solvent was 630 A. This 
value, calculated from the Zimm plot, was consistent with 
a perfectly extended rod chain. From the weight average 
molecular weight (aw) = lo5, we calculate a (DPn) = 213 
and a mean length of an extended rigid chain equal to 
1530 A (with a monomer length of 7.2 8). From this length 
the calculated value of the gyration radius of a rigid rod 
chain (R2,)1/2 = (L2/12)1/2 is equal to 440 A, slightly lower 
than the former value, calculated from the Zimm plot, 
and which does not take into account in the same manner 
the molecular distribution. 
3.2. Optical Properties. The absorption spectra of 

the polymer solutions show a typical absorption band, in 
the visible range 400-510 nm, very different from the large 
and structured polydiacetylene absorption band. In the 
near-UV a slightly low absorption band or a shoulder is 
shown at  300-320 nm. These absorption bands are 
different from these of the aryl-diethynyl monomers 
(Figure 3a). A noticeable difference in the absorption 
spectra of polymer solutions or of thin solid films is also 
shown in the series of homo- or copolymers, according to 
the electron-withdrawing or -donating character of the 
aryl substituent. The induced perturbations, depending 
on the electronegativity of the group, are largely observ- 
able on the spectroscopic data in Table 1. For the 
homopolymer based on aryl diether, where the ether is a 
moderated electron-donor group, the absorption peak is 
centered on 455 nm (2.72 eV). With an acceptor group 
such as the monoester, the homopolymer shows a blue 
shift by 50 nm of the absorption peak. For alternated 
copolymers with an electron-rich unit a red shift is 
observed. A significant red shift by 68 nm of the main 
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peak centered a t  521 nm is shown from the phenyl-diether 
homopolymer to the anthryl-phenyl-diether copolymer, 
which implies a reduction of the optical band gap from 
2.72 to 2.38 eV. The second copolymer with a stilbene 
unit as electron-donating group is shifted by only 16 nm 
compared to the aryl-diether homopolymer. Other co- 
polymers with donor or acceptors on aryl-alternating 
groups. NOz-diether, or monoester-diether are succes- 
sively blue shifted in the same range of wavelength (412 
nm), near the value of the homopolymer aryl-monoester. 
The blue shift confirms a drastic reduction of the electron 
density due to the electron-withdrawing effect of the 
acceptor on the aryl groups. The polymer with thioether 
substituents, in spite of its orange color, presents no 
maximum absorption in the visible range but a broad band 
until 450 nm that could be due to a larger distribution of 
rotational conformers. On the other hand, the Raman 
spectra of this polymer and an aryl diether polymer (Figure 
5b) show very close maxima (2199 and 2196 cm-l) for the 
bands assigned to C=C stretching, indicating a quite good 
delocalization, but the broader band width of the thioether 
polymer is indeed an indication of a wider conjugation 
length distribution. 

The absorption coefficients are also very interesting, c 
in solution increases from 7 X lo3 to 3.6 X lo4 L mol-', i.e., 
log c from 3.8 to 4.5, passing from cpPYOC12A to 
pPYCOOC12, which suggests a larger oscillator strength 
for the pPY chain with ester substituents than with other 
groups. However, such a large dispersion of the absorption 
coefficients, observed in the same series of homopolymers 
with the same ethynyl bridge and different substituted 
aryl groups as electron donors or acceptors, is not perfectly 
understood. Recently, new conjugated rigid rod polymers 
such as polyquinolines or polyanthrazolines containing 
an ethynyl bond were in~estigated. '~ The band gaps of 
these films are found to be between 2.5 and 2.0 eV, while 
the absorption coefficients or the log t values were in the 
range of 4.6-4.9. We expect that the high values of e, in 
pPy, induced by the large oscillator strength of the triple 
bond and more or less the ?r electron delocalization, will 
be related to the high values of the nonlinear susceptibility, 
through the transition dipole moment and the inverse of 
the sixth power of the band gap energy.18 The authors of 
ref 17 found in the series of polyquinolines or polyan- 
thrazolines that the magnitude of the resonant or non- 
resonant 743) could not be correlated with the optical band 
gap of ?r-electron delocalization.l9 They used a three-level 
model based on essential states, which fits well with the 
~ ( 3 )  dispersion to suggest that  more than one excited state 
is responsible for the third-order nonlinearity of the 
polymers. We expect also, in the polymer series of this 
work, to find larger values of resonant or nonresonant xt3) 
than for the first ether derivative14 for the highest oscillator 
strength and the smallest band gap of this class of polymers. 
The third-order optical measurements of this series of 
polymers are in progress. 

3.3. Thermal  Properties and Orientation. The 
thermal stability observed by thermal analysis under air 
or nitrogen of the substituted series of pPY is obviously 
not as large as that of the unsubstituted product given in 
the literature7 but also was not as stable as the other 
substituted alkyl-ether homopolymers.'6 In this work the 
disubstituted phenyl chain already shows a small weight 
loss a t  220 "C in N2, while in the referenced paper7 the 
decomposition does not begin before 300 "C. pPY with 
ester substituents shows weaker thermal stability. As 
shown in Figure 6 a two-step weight ldss is also detected; 
the first step was attributed to the split off of the side 
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chain and a second step attributed to the total oxidation 
of the chain. In this work we find a greater thermal 
sensitivity at milder temperature than previous polymers, 
and at higher temperature, in the range of 350-800 O C ,  the 
second decomposition step is in good agreement with the 
literature data. 
X-ray Discussion. The low-angle X-ray diffractograms 

of the pPYCOOC12 and pPYOC12 show a characteristic 
pattern of a lamellar structure often observed for rigid- 
rod polymer with flexible side c h a h z 0  The interplanar 
spacing calculated from small-angle diffraction of 26 A for 
pPYCOOC12 and 27 A for pPYOC12 is not in agreement 
with the calculated length of the lateral groups in an 
extended conformation. These results imply for the lateral 
substituents a lamellar organization of the paraffinic chains 
with a partial interdigitation of the ends. 

Orientation from Isotropic Film to Oriented Film. 
As seen by optical microscopy, the fresh films prepared 
by casting are perfectly isotropic, while the film becomes 
highly oriented by shearing or stretching. Although 
applied to the melt phase (80-90 "C) the shear method 
induces numerous small domains, characterized by a high 
birefringence and random orientation. This poor organ- 
ization of the films could be due to the very high viscosity 
of the polymer in the LC phase and/or relaxations during 
the freezing. 

Other attempts in the orientation methods have been 
attempted, such as orientation in the thermal gradient 
induced by absorption of a laser beam.14 The exploration 
of all experimental conditions of laser-induced orientation 
are in progress. 

4. Conclusions 
In this work we have been able to prepare a series of 

rigid rod conjugated polymers starting from arylethynylene 
basic units with various side chains in order to  increase 
the polymer solubilities. We presented for the first time 
a complete characterization of poly(phenylethyny1ene) 
derivatives bearing alkoxy groups and long hydrocarbons 
tails of 10 and 12 carbon atoms. The characterization by 
GPC of the polymer substituted with two dodecyl ether 
chains on the phenyl group shows the highest average 
molecular weight ever synthesized on this type of homo- 
polymer, finding a value as high as lo5 g/mol. We compare 
this model polymer with other new polymers, a homo- 
polymer based on the phenyl unit bearing an electron- 
acceptor group such as an alkyl ester, or copolymers based 
on the phenyl alcoxy unit and other electron-donor groups, 
such as anthryl, thienyl, or stilbene units. The spectro- 
scopic linear properties in solution and in solid thin films 
confirm a large shift of the main absorption peak of the 
A-A* transition in the visible range according to the donor 
or acceptor character of the substituent or comonomer 
group. Studies by Raman spectroscopy of the alkoxy 
derivative homopolymer and the corresponding trimer 
show a shift of the triple bond's stretching band, and so 
a greater delocalization for the polymer. Highly bire- 
fringent liquid crystalline phases are induced by rubbing 
or shearing, which are confirmed by an observation of the 
optical dichroism along the shearing direction. 

5. Experimental Section 
5.1. Materials. We have synthesized a series of diethynylaryl 

monomers, which were then polymerized with dibromoaryl units 
using the organic Pd-coupling reaction. The dibromomethoxy- 
anisole (l), iodine, bromoalkanes, dicyclohexylcarbodiimide 
(DCCI), (trimethylsily1)acetylene (TMSA), palladium(I1) chloride 
(PdClz), triphenylphosphine (PPh3), potassium carbonate (Kz- 
COa), and sodium iodide (NaI) were obtained from Lancaster. 
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The 2,5-dibromobenzoic acid 3, (dimethy1amino)pyridine 
(DMAP), chlorosulfonic acid (ClSOsH), 4-hydroxypiperidine, 
zinc, copper(I1) acetate (CuAcz), methylene chloride (CH2C12) 
HPLC grade, tetrabutylammonium fluoride (TBAF) 1.1 M in 
THF, and aluminum powder were obtained from Aldrich and 
used without further purification. Triethylamine (Aldrich) was 
distilled from KOH before use. Toluene and THF were distilled 
from Na and kept under Nz. 

5.2. Synthesis Methods. Synthesis of 1,4-Dibromo-2,5- 
dialkoxybenzene. The dibromodialkoxybenzene was prepared 
by cleaving the methoxy Substituents of a dibromomethoxyanisole 
using aluminum iodide as reagentz1 and then alkylation of the 
phenol functions. The synthesis is described for the dibromo- 
didodecanoxybenzene, following the reaction 

OCH OH 
/ 3  

CH d 
3 1  

Hd 

K CO -Nal 
BIGBI + 2 BrC H 2 3  

l 2  2 5  Acetone ' 
Hd 

2 
C H O  

12 2s 
3 

2,5-Dibromohydroquinone (2).21 In a cooled vessel at 10 O C  

were mixed 40 mL of dry acetonitrile, aluminum powder (1.349 
g, 50 mmol), and iodide (9.518 g, 75 mmol). The mixture was 
then slowly warmed to reflux with stirring, and the reaction was 
pursued until the violet color of the iodide disappeared after 30 
mn. 

To the freshly prepared mixture of AlI3 (1.25 M, 40 mL, 50 
mmol) was added the dibromomethoxyanisole (5.919g, 20mmol), 
with 20 mL of acetonitrile, and the resulting mixture was then 
refluxed and stirred for 24 h. The suspension was cooled and 
poured in aqueous HC1 solution (0.5 M, 100 mL). The mixture 
was extracted first with ether, and then the etherate phase was 
extracted with a 5 % solution of sodium hydroxide. The aqueous 
solution was acidified with HC1 and then extracted with ether. 
The solution was dried over NazSO, and the solvent was removed. 
After chromatography (silica gel, heptane/CH&lz (1/1)) 4.311 g 
of pure dibromohydroquinone was obtained (yield 80%): lH 
NMR (CDCl3) 6 8.65 (s, 2H, OH), 7.15 (8,  2H, arom). Anal. 
Calcd: C, 26.86; H, 1.49; 0,11.94. Found: C, 26.93; H, 1.43; 0, 
12.03. 
Dibromobis(dodecy1oxy)benzene (3).2a To the dibromo- 

hydroquinone (2.679 g, 10 mmol) in 100 mL of acetone was added 
potassiumcarbonate (2.764g, 20mmol), 1-bromododecane (4.985 
g, 20 mmol), and sodium iodide (15 mg, 0.1 mmol), and the 
resulting mixture was then refluxed until no more starting 
material could be detected by TLC. After filtration, the solvent 
was removed and the residue was dissolved in ether and washed 
with a KOH aqueous solution (0.1 M). After drying, the solvent 
was evaporated. The crude product was purified by chroma- 
tography (SiOz, CHzClz/heptane (1/2)): yield 60%; lH NMR 
(CDC13) b 7.25 (s,2H, arom), 4.05 (t, 4H, OCHz), 1.8 (q,4H, CH2 
pether), 1.3(36H,CH2),0.9(t,6H,CHs). Anal. Calcd: C,59.60; 
H, 8.60; 0, 5.29. Found: C, 59.70, H, 8.33, 0, 5.57. 

The same method was used to synthesize dibromobis(dec- 
y1oxy)benzene (4): yield 82%; lH NMR (CDCl3) 6 7.26 (e, 2H, 
arom), 4.06 (t, 4H, OCHZ), 1.8 (q, 4H, CH2 @ ether), 1.3 (28 H, 

Synthesis of 2,5-Dibromododecylbenzoate (6). The 2,5- 
dibromobenzoic acid (5) was esterified with dicyclocarbodiimide 
(DCC) and 4-(dimethy1amino)pyridine (DMAP) in methylene 
chloride alcohol free as described:23 

C&), 0.9 (t, 6H, CHs). 

5 6 
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Synthesis of the l,4-Diethynylarylr 16. The synthesis is 
described for one diethynyl monomer. The same procedure is 
used for all  the diethynyl compounds.8JO 

Me si++,Me, 
PdCl CuAc PPh 

2 2 3  
l i r  ~ 1 3 s  - + 2 H-SMe ' UEi3 3 

RZ Rz 
14 15 

Dibromobenzoic acid (5) (2.799 g, 10 mmol), dodecanol(1.863 
g, 10 mmol), DCCI (3.0945g, 15 mmol), and DMAP (100 mg, 0.82 
mmol) were charged in a singlenecked flask topped with acalcium 
chloride guard tube and stirred for 15 h. Urea was filtered off 
and the filtrate washed with a 0.5 M HCl solution and then with 
a saturated NaHCOa solution. The solution was dried on Na2- 
SO,, the solvent was removed, and the crude product was 
chromatographed (SiOz, CHzCldheptane (l/l)): yield 85%; lH 
NMR (CDCla), 6 7.9 (d, lH, arom), 7.5 (d, IH, arom), 7.43 (dd, 
lH, arom), 4.35 (t, 2H, COOCH3, 1.8 (q, 2H, CH2 B ester), 1.3 

7.14. Found C, 51.42; H, 6.18; 0, 6.78. 
2,5-Dibromobenmnesulfonyl Chloride (8).22b In a cooled 

vessel were charged the p-dibromobenzene (7) (9.437 g, 40 mmol) 
and the chlorosulfonic acid (8 mL, 120 mmol). The mixture was 
stirred for 3 h and then poured onto 50 mg of ice and rapidly 
extracted with methylene chloride. The solvent was removed to 
obtain 10.7 g of 2,5-dibromobenzenesulfonyl chloride, yield 80%. 

(18H, CH*), 0.9 (t, 3H, CHs). Anal. Calcd C, 50.89, H, 6.25,0, 

B r O B r  + CIS03H Br 4:: 
1 8 

2,5-Dibromothiophenol (9).2% The 2,Bdibromobenzene- 
sulfonyl chloride (8) (10.031 g, 30 mmol) was placed in a two- 
necked flask equipped with a condenser and a separatory funnel 
and immersed in a freezing mixture of ice and salt to maintain 
the temperature under 0 OC. One hundred mL of sulfuric acid 
was slowly poured, zinc powder (12 g, 184 mmol) was added, and 
the cooled mixture was Stirred for 1 hand then warmed to reflux 
until the solution became clear. The mixture was cooled, and 
thiophenol was filtered and purified by chromatography (Si02, 
CHzCIJheptane (2/1)). A total of 6.673 g of pure thiophenol was 
obtained yield 83 %; 1H NMR (acetone-de), 6 7.74 (d, lH, arom), 
7.48 (d, lH, arom), 7.23 (dd, lH, arom), 4.93 (s, lH, SH). 

so c1 
/ 2  

SH 
/ 

B r a &  H Zn SO B r a &  

2 4  

8 9 

2,5-Dibromo(dodecylthio)benzene (10): The dibromo- 
thiophenol(9) (2.679 g, 10 mmol), KzCO3 (1.382 g, 10 mmol), and 
the 1-bromododecane (2.492 g, 10 mmol) were placed in a vessel 
with 100 mL of acetone and warmed to reflux, following the 
synthesis described for dibromodialkoxybenzene.22. yield 90 % ; 
1H NMR (CDC13) 6 7.38 (d, lH, arom), 7.30 (d, lH, arom), 7.13 
(dd, lH, arom), 2.93 (t, 2H, SCHg), 1.71 (q,2H, CH2Bether), 1.29 
(18 H, CH,), 0.89 (t, 3H, CH3). Anal. Calcd: C, 49.55; H, 6.47. 
Found: C, 49.83; H, 6.33. 
2,S-Dibromo-4-(4-hydroxypiperidinyl)toluene (11). The 

2,5-dibromo-4-fluorotoluene (10) (5.359 g, 20 mmol), 4-hydroxy- 
piperidine (5.058 g, 50 mmol) and potassium carbonate (1.382 g, 
10 mmol) were charged with 8 mL of dimethyl sulfoxide in a 
vessel equipped with a reflux condenser and a magnetic stirrer. 
The mixture was heated to 110 "C for 72 h. The cooled mixture 
was then poured into cold water and stirred for 1 h. The 
precipitate was collected by filtration, and the derivative was 
purified by chromatography (SiOz, CH2Clz) to obtain 3.304 g of 
pure product: yield 45%;" NMR (CDClS), 6 7.43 (s, lH, arom), 
7.20 (a, lH, arom), 3.85 (m, lH, CHOH), 3.24 (m, 2H), 2.77 (m, 
2H), 2.31 (8,  3H, CHs), 2.01 (m, 2H), 1.80 (m, 2H), 1.59 (m, lH, 
OH). Anal. Calcd: C, 49.55; H, 6.47. Found: C, 49.83; H, 6.33. 

d 
11 

15 16 

l,4-Bis[ (trimethylsilyl)ethynyl]-2,6-bis(dodecyloxy)ben- 
zene (15). Palladium chloride (53 mg, 0.30 mmol), copper acetate 
(60 mg, 0.3 mmol), triphenylphosphine (262 mg, 1.0 mmol), and 
the dibromobis(dodecy1oxy)benzsne (14) (1814 mg, 3.2 mmol) 
were charged under nitrogen in a two-necked flask with dry and 
degassed triethylamine (100 mL). (Trimethylsily1)acetylene (1.5 
mL, 10.6 mmol) was added and the reaction mixture was stirred 
and heated at 85 "C under nitrogen for 8 h. After being cooled 
at room temperature, the mixture was filtered to eliminate the 
ammonium salt and the triethylamine was removed. The soiled 
residue was dissolved in dichloromethane, recrystallized in 
methanol, and then purified by chromatography (Si02, CH2Cld 
heptane (1/2)), 1.630 g; yield 85%. 

1,4-Diethynyl-2,5-bis(dodecyloxy)benzene (16).% The bis- 
[(trimethylsilyl)ethynyll bis(dodecy1oxy)benzene 16 (1.278 g, 2 
mmol) was dissolved in 50 mL of tetrahydrofuran, and a solution 
of tetrabutylammonium fluoride (1.1 M, 1 mL, 1.1 mmol) was 
added. After stirring for 5 min at ambient temperature, the 
mixture was chromatographed on a small silica gel column wing 
tetrahydrofuran as eluent. The solvent was removed, and the 
crude product was recrystallized in methanol and dried in vacuo. 
Diethynylbis(decy1oxy)benzene: yield 95% ; 'H NMR 

(CDCl3) 6 6.95 (8,  2H, arom), 3.95 (t, 4H, OCHZ), 3.34 (8, 2H, 
CCH), 1.8 (q, 4H, CH2 B ether), 1.3 (28 H, CHz), 0.9 (t, 6H, CHa). 
Anal. Calcd: C, 82.14; H, 10.57; 0, 7.29. Found: C, 82.07; H, 
10.61; 0, 7.33. 

Diethynyldodecylbenzoate: yield 65% ; lH NMR (CDCls) 
6 8 (8,  lH, arom), 7.56 (d, 2H, arom), 4.35 (t, 2H, OCHa), 3.5 (8 ,  
lH, CCH), 3.2 (s, ZH, CCH), 1.75 (q, 2H, CHZ B ester), 1.3 (18 
H, CH3, 0.9 (t, 3H, CH3). Anal. Calcd: C, 81.61; H, 8.93; 0, 
9.45. Found: C, 81.18; H, 9.08; 0, 9.23. 

Polymerization was performed by Heck coupling, using a 
palladium complex as ca ta ly~t .~J~  occH PdCl 2 CuAc 2 3  PPh 

NEt THF 
3 

- HCC 

R4 
16 

r P~ P3 1 

n 

The monomers (1.8 mmol of each), palladium chloride (35 mg, 
0.2 mmol), copper acetate (6 mg, 0.03 mmol), triphenylphoephine 
(210 mg, 0.8 mmol), triethylamine (100mL), and tetrahydrofuran 
(30 mL), all dry and degassed, were put under nitrogen in a two- 
necked 250-mL flask equipped with a magnetic stirrer and a 
reflux condenser. For the copolymer pPYOC12A was charged 
with 30 mL of toluene instead of THF. The degassed reaction 
mixture was heated at 85 "C and stirred under nitrogen for 3 
days. The precipitated ammonium salt was filtered off and 
washed with THF, keeping the organic phases together. The 
solvents were removed, and the residue was dissolved in 5 mL 
of hot THF, poured in to 200 mL of cold methanol to precipitate, 
centrifuged, and then dried in vacuo. The remaining monomers 
and smallest oligomers were removed by preparative GPC to 
obtain a red-orange fluorescent polymer. The yields varied 
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between 35 and 80%. The polymers were characterized by lH 
and 13C NMR. 

5.3. Instruments and Characterization Methods. The 
polymer molecular weights were obtained by gel permeation 
chromatography (GPC) in eluent THFwith the coupled detection 
of refractive index and light scattering on a previously described 
apparatus." The infrared spectra of thin solid films deposited 
on KBr plates were recorded on a Perkin-Elmer 983 infrared 
spectrophotometer, and the ultraviolet absorption spectra were 
measured in THF solution or in cast solid films on quartz 
substrates with a Shimadzu UV-2101PC UV-vis scanning spec- 
trophotometer. Fluorescent measurements were performed on 
a Hitachi F4010 apparatus. Raman scattering measurements 
were performed with a 1061-nm Nd-Yag laser line and a Biuker 
FTIR spectrometer (IFS 66 and FRA 106), which were described 
eleewhere.26 

Differential scanning calorimetry (DSC) was performed on a 
Perkin-Elmer DSC7. The melting points were determined on 
an electrothermal digital melting point apparatus or by DSC. 
Thermogravimetric analyses were realized with a Mettler TA3000 
system. 

lH and lSC NMR spectra were obtained in CDCh with a Briiker 
AC-200F spectrometer at rt or with a variable-temperature probe. 

The molecular modeling was performed with Sybyl software 
from Tripos, running on a DEC Vax unit linked with a graphic 
unit from Evans and Sutherland. 
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