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Figure 3. Poisson's ratio, u as a function of temperature. Lines 
are guides for the eye. 

of tension, the shift of transition temperature' was about 
0.05 "C. A drastic softening of K toward To both above 
and below To is noted, though the softening is incom- 
plete due to the first-order nature of the transition. On 
the contrary, p shows only a small steplike anomaly at 

The Poisson's ratio u shows a very characteristic anom- 
aly as shown in Figure 3. On approaching To from below, 
u decreases sharply and even becomes negative in the 
extreme vicinity of To. Negative Poisson's ratio demon- 
strates the fact that if we elongate the gel network in 
one direction, it elongates also in the perpendicular direc- 
tions. Although the negative values of u do not violate 
the stability condition, such values have not been found 
in any isotropic material so far." (We should point out, 
however, that the equilibrium Poisson's ratio of gel net- 
work is somewhat different from the Poisson's ratio of 
conventional solids, because the amount of solvent con- 
tained in a gel is different before and after the deforma- 
tion.) 

TO. 

In terms of K and p, u is expressed as 

u = (3K - 2p)/(6K + 2 p )  (1) 
Thus we see that u is negative when p > 3K/2.  This 
condition is surely satisfied in the vicinity of the critical 
point of volume phase transition of gels, where K tends 
to zero while p remains nearly constant." The elastic 

Liquid-Crystalline Poly[oxybis(trimethylene) 
p,p'-bibenzoate]: Effect of the Central Ether 
Group 

In recent years the interest in thermotropic mesogenic 
materials has grown extraordinarily. These compounds 
usually exhibit a mesophase at temperatures above the 
region of the crystalline solid and before the formation 
of an isotropic melt. Among them, aromatic polyesters 
constitute an important class of main-chain liquid-crys- 
talline polymers but with the inconvenience of their very 
high melting points, sometimes not detected before the 
degradation of the sample. 

One method of reducing the high melting points of all- 
aromatic, rodlike polyesters, so that the polymers will be 
sufficiently thermally stable to be injection molded or 
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stability condition limits u to -1 C u C 0.5." We can see 
from eq 1 that u = -1 corresponds to the volume insta- 
bility (K = 0) and u = 0.5 to the shear instability ( p  = 
0). The drastic variation of u around the volume transi- 
tion will be more clearly seen if the gel undergoes a true 
critical transition. The measurement for this case is now 
in progress. 

It has been demonstrated''l2 that the anomalous swell- 
ing properties of NIPA/ water gel can be explained fairly 
well within the Flory theory of gels provided that the 
empirically determined material parameters (the enthalpy 
and the entropy of solution) are used. We can indeed 
show that the free energy expression including the con- 
centration-dependent polymer-solvent interaction param- 
eter used in the previous studies'.l2 can reproduce quan- 
titatively the present experimental results. The details 
will be reported elsewhere. 
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melt spun, is to introduce flexible aliphatic units into 
the polymer main chains. Poly(ether glycols) with an 
even number of carbons in the chain repeat segment, i.e., 
poly(oxyethy1ene glycol) or poly(oxytetramethy1ene gly- 
col), have been widely used in the synthesis of polyes- 
ters. Less use has been done of the intermediate poly- 
glycol, i.e., poly(oxytrimethy1ene glycol), which has an 
odd number of carbon atoms in the chain repeat unit. 

On the other hand, polyoxetanes with the structural 
unit -OCH,CR,R2CH,- are an interesting class of poly- 
ethers where the properties can be easily modified by 
changing the nature of the substituents R, and R2. The 
parent compound of this series, poly(trimethy1ene oxide) 
(PTO) (or polyoxetane), exhibits one of the lowest char- 
acteristic ratios in polymers and a great flexibility.' This 
property can be modified by substituting the two hydro- 
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gens of the central CH, group in the repeat unit by two 
alkyl groups: and a progressive change of flexibility may 
be obtained by a suitable choice of the substituents. 

The preparation of several low molecular weight poly- 
(oxytrimethylene glycols) has already been de~cribed,~ 
starting from trimethylene oxide with boron trifluoride/ 
ethyl ether as catalyst and 1,Cbutanediol as coinitiator, 
and also from the ozonization of high molecular weight 
poly(trimethy1ene oxide). In this way, products of poorly 
defined molecular weight are obtained. However, dur- 
ing the last few years a new mechanism of cationic poly- 
merization of oxyranes4 has been developed. This mech- 
anism assumes that, under certain conditions, propaga- 
tion proceeds by addition of a protonated monomer 
molecule to the hydroxyl-terminated growing polymer. 
This method of synthesis leads to linear telechelics vir- 
tually free of undesirable cyclic oligomers. Therefore, it 
is possible to obtain dimers or higher oligomers derived 
from trimethylene glycol, with a high degree of struc- 
tural regularity. 

Thus, it seemed to be interesting to study the proper- 
ties of the series of polyesters containing the bibenzoate 
unit as mesogen and the moiety -CH,CR,R2CH,- 
OCH,CR,R,CH,- as a flexible spacer in the main chain. 
This paper is concerned with the synthesis and proper- 
ties of poly[oxybis(trimethylene) p,p'-bibenzoate] 
(PDTMB), the first member of the series, with struc- 
tural formula: 

0 
~ ! O C H z C H 2 C H 2 0 C H z C H 2 C H 2 0 C ~  I I  

Macromolecules, Vol. 23, No. 3, 1990 

PDTMB was obtained by melt transesterification of 
the diethyl ester of p,p'-bibenzoic acid (4,4'-biphenyldi- 
carboxylic acid) and 3,3'-oxybis(propanol), the dimer of 
trimethylene glycol, using isopropyl titanate as catalyst. 
The preparation and characterization of the dimer has 
been previously de~cribed.~ The polymer, in spite of the 
presence of the biphenyl group, is soluble in chloroform, 
and it was purified by solution in this solvent and pre- 
cipitation with methanol. The intrinsic viscosity of the 
resulting polyester, determined in chloroform at 25 "C, 
was found to be 1.05 dL/g. The 200-MHz 'H NMR spec- 
trum of the PDTMB sample, acquired in solution of 
Cl,CD, shows the AB spin system corresponding to the 
aromatic protons centered at 7.86 ppm, two triplets at 
4.45 and 3.62 ppm, assigned to the methylene protons 
attached to the carbonyl and the ether group, respec- 
tively, and a multiplet a t  2.07 ppm, corresponding to the 
central methylene protons in the structure above. 

The calorimetric analysis of PDTMB was carried out 
using a Mettler TA3000 differential scanning calori- 
meter. Two thermal transitions were observed, as can 
be seen in Figure 1. Thus, after a first heating cycle from 
room temperature to 300 "C (not shown), the subse- 
quent cooling led to an exothermic peak at 154 "C, fol- 
lowed by a second-order glass transition at  11 "C. A sec- 
ond heating cycle (lower curve in Figure 1) shows again 
the glass transition, now at  17 "C, plus a melting endotherm 
at  172 "C. 

The conclusion is, then, that only one kind of struc- 
ture with a certain degree of order seems to be gener- 
ated by the effect of temperature. Its nature was inves- 
tigated by performing several X-ray diffraction experi- 
ments a t  variable temperature. The two representative 
diffractograms are shown in Figure 2. The lower one, 
obtained at 192 "C, represents the isotropic melt, with 
only a broad amorphous halo. The other diagram was 
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Figure DSC curves of PDTMB representing a cooling cycle 
(upper) starting from the isotropic melt and the subsequent 
heating cycle (lower). Scanning rate 20 OC/min. 
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Figure 2. X-ray diffractograme obtained at different temper- 
atures corresponding to PDTMB: (A) 192 "C; (B) 152 "C. Noise 
has been suppressed. 

obtained at 152 "C, where the sample begins to "crystal- 
lize" in a reasonable time. It shows now two sharp dif- 
fractions corresponding to spacings of 1.72 and 0.85 nm, 
besides the broad peak centered at  0.43 nm. The two 
sharp diffractions are assigned to the characteristic length 
of the smectic phase, in analogy with other similar sys- 
tems: and its second order, respectively. Similar diffrac- 
tograms were obtained at  lower temperatures and also 
after annealing the sample during 2 h a t  temperatures 
between 72 and 92 "C. 

Two more attempts were done in order to obtain a pos- 
sible more ordered structure. Thus, a DSC sample was 
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kept during 1000 min at 70 “C or 250 min at 110 “C. 
The subsequent heatings showed only the endothermic 
peak at  172 “C. 

From these experiments and the kind of diffracto- 
grams, representative of a 2-dimensional state, it follows 
that the only structure obtained for PDTMB is proba- 
bly a smectic liquid-crystalline phase, stable at any tem- 
perature below its isotropization point. We were unable 
to generate any other structure with a higher degree of 
order, although other similar systemsH have been reported 
to be able to undergo a transformation from the mesophase 
to a more ordered crystal structure. The results from 
this work show, however, that the only transformations 
of the liquid-crystalline phase of PDTMB, at  least in the 
time scale of our experiments, are either to the isotropic 
melt or to the glassy state. 

The texture of PDTMB was analyzed by using a polar- 
izing microscope. Only very small “spheres”, although 
birefringent, were observed below the isotropization tem- 
perature. No other texture was detected even at the max- 
imum resolution of the microscope (X400). More reveal- 
ing textures have been reported, however, for other sim- 
ilar systems,8 although there seems to be a tendency to 
observe them only for lower molecular weights. 

The type of mesophase of PDTMB can be inferred from 
the comparison with other poly(bibenzoates), particu- 
larly poly(heptamethy1ene p,p’-bibenzoate) (P7MB) with 
a structure very similar to PDTMB: the only difference 
is the change of the central methylene of that polymer 
by an ether group. P7MB has been reported to give rise 
to a smectic mesophase with a characteristic length6” of 
1.74-1.72 nm, showing an X-ray diffractogram for the 
mesophase almost identical with PDTMB. In fact, the 
change of a methylene by an oxygen is expected to pro- 
duce minor differences in the length of the repeating unit 
and hence the smectic layer spacing. Curiously, the clear- 
ing temperature of the mesophase of P7MB9 is about 10 
deg lower than that for PDTMB, when one might expect 
a lowering of that temperature by the effect of the oxy- 
gen. However, there may be differences in the molecu- 
lar weight, having the opposite influence (although the 
intrinsic viscosity of the PDTMB sample studied here is 
very similar to the value of 1.03 dL/g found for P7MB’). 

The really important effect of the ether group, com- 
pared to the all-methylene spacer is the suppression of 
the crystalline state, and its seems that the flexibility 
introduced by the ether group does not affect the forma- 
tion and characteristics of the mesophase, considering 
the similarities of the X-ray diffractograms. That the 
mesophase of PDTMB is not very different from the one 

Copolymerization of Alkenes with Sulfur Dioxide: 
A Semiempirical Molecular Orbital Study 

Alkane- and arenesulfonyl radicals (RSO,’) are reac- 
tive electrophilic intermediates that have been detected 
in a number of chemical reactions,’ e.g., during the addi- 
tion of alkane- and arenesulfonyl halides to unsaturated 
C-C bonds2 and the alternating copolymerization of alk- 
enes with liquid SO,.3 Because of the strongly electro- 
philic character of sulfonyl radicals, structural factors that 
affect the electron density distribution in the double bond 
manifest themselves in the relative reactivities of unsat- 
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of P7MB is also confirmed by the similarities of the enthal- 
pies of isotropization (19 J g-l for the former polymer 
and 18.5 J g-l for the latter ones), and by the correspond- 
ing entropies, even closer (0.043 J g-’ K-’ for both poly- 
mers). 

In conclusion, the substitution of the central methyl- 
ene of poly(heptamethy1ene p,p’-bibenzoate) by an ether 
group leads to a polymer, PDTMB, with similar charac- 
teristics concerning the liquid-crystalline state of the two 
polymers. However, the presence of the oxygen atom pre- 
cludes the formation of a 3-dimensional crystal struc- 
ture in PDTMB, presumably as a consequence of the 
increase in flexibility introduced by the ether group. Thus, 
the properties of the liquid-crystalline phase of PDTMB 
can be studied at  room temperature. Experiments are 
now in progress in order to study the mechanical prop- 
erties and the kinetics of the formation of the mesophase 
of this polymer, as well as to synthesize new poly(biben- 
zoates) derived from the dimers of other substituted tri- 
methylene glycols and to investigate the effect of differ- 
ent substituents on the properties of the resulting poly- 
esters. 
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urated compounds toward these radicals.2g Also, the 
alkene/SO, copolymerization systems exhibit low ceil- 
ing temperatures, T,, reflecting the importance of deprop- 
agation reactions in such systems and the relative weak- 
ness of the C-S bond.3 

Computational studies of reactions involving sulfonyl 
radicals should help to identify the various electronic and 
steric factors responsible for the observed reactivity order 
of alkenes and the observed low T, values, but no such 
studies have been reported. Surveys of the literature indi- 
cate that computational studies of SO,-containing com- 
pounds by both ab initio5 and semiempirica16 molecular 
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