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enthalpy recovery peaks of the pure components increases 
as a function of aging time since the component with the 
lowest Tg approaches equilibrium after a short aging time. 

Finally, it is important to realize that multiple enthalpy 
recovery peaks may also occur in pure polymer systems.3l 
Therefore, conclusions concerning phase behavior of 
polymer blends based on the enthalpy recovery method 
always require a comparison between the enthalpy recovery 
behavior of the blend and of the pure components. 
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ABSTRACT Measurements of the nematic-isotropic transition temperatures of solutions of poly(p- 
phenyleneterephthalaide), poly@-benzamide), and poly(4,4’-benzanilidyleneterephthalamide) in concentrated 
sulfuric acid are presented as a function of concentration and average molecular weight. The results indicate 
a strong influence of molecular flexibility on the clearing temperature. The experiments are explained by 
a mean-field theory analogous to the Maier-Saupe theory for low molecular weight nematic liquid crystals. 

Introduction 
In this paper measurements of the nematic-isotropic 

transition (or clearing) temperatures of solutions of PPTA 
(poly@-phenyleneterephthalamide)) and other aramids in 
concentrated H,S04 are presented. The results show a 
marked influence of polymer concentration on the clearing 
temperature. The slope of the concentration-clearing 
temperature graphs depends on the average molecular 
weight of the polymer. This indicates a coupling of the 
(temperature dependent) molecular flexibility to the phase 
transition. 

Molecular flexibility is usually described by the so-called 
persistence length. An influence of temperature on the 
persistence length has been found experimentally for a 
variety of materials, e.g., (acetoxypropy1)cellulose’ and can 
also be derived theoretically from a wormlike model for 
polymer chains (see Appendix). 

Basically two mechanisms can lead to formation of a 
nematic phase: the first is dealt with in the traditional 

0024-9297/89/2222- 1766$01.50/0 

Onsager or Flory type of approa~h .~7~  This shows that, 
depending on the axial ratio of the rodlike particles, there 
is a critical concentration above which a nematic phase is 
formed. This concentration does not’depend on the tem- 
perature of the system as these theories are essentially 
athermal; i.e., the part of the free energy that leads to the 
anisotropy is an entropy term. 

A later version of the Flory theory describes a system 
of semiflexible particles. The persistence length is used 
to determine an effective axial ratio for the  particle^.^ A 
temperature-dependent persistence length thus leads to 
a “thermotropic” type of behavior where the phase tran- 
sition is governed by the temperature as well as the con- 
centration. 

An alternative mechanism is used by the Maier-Saupe 
mean field theory? Here the stability of the nematic phase 
is explained from an anisotropic potential. Despite the 
complete neglect of the excluded-volume (entropy) terms 
in the free energy, the temperature dependence of the ( P 2 )  

@ 1989 American Chemical Society 
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Figure 1. Aramids that were studied. 

Table Io 
sample M w  A a 
PPTA 12 000 46 (4) 0.85 (0.04) 
PPTA 31 OOO 99 (2) 0.56 (0.01) 
DABT 8000 37 (2) 0.92 (0.03) 
DABT 42 OOO 74 (5) 0.66 (0.03) 
DABT 70 OOO 115 (10) 0.49 (0.04) 
PBA 10 OOO 41 (6) 0.92 (0.06) 

A and a are from least-squares fits of the clearing temperature 
(TJ versus concentration (c) measurements to e relation of the 
form Tni = Ac". The standard deviations of A and a are shown in 
parentheses. 

order parameter of many low molecular weight system is 
predicted rather well by this approach.6 

The experiments described here are explained by a 
modified Maier-Saupe mean-field theory. The influence 
of concentration and molecular flexibility is taken into 
account via the strength of the anisotropic potential. This 
is done by using simple power-law relations. 

Experimental Section 
Measurements of the nematic-isotropic transition temperatures 

were performed on solutions of PPTA (poly@-phenylenetere- 
phthalamide)), DABT (poly(4,4'-benzanalidyleneterephthal- 
amide)), and PBA (poly@-benzamide) (see Figure 1) in concen- 
trated (99.8%) H2SOI. The anisotropic solutions were prepared 
by dissolving the polymers in H8O4 (99.8%). In each case about 
2 g of solution was made. The molecular weight (M,) of the 
samples was estimated from viscosity measurements. The cali- 
bration curve we used was obtained from GPC, HP-SEC, light- 
scattering, and end-group analysis methods. The polymer samples 
are listed in Table I. 

The clearing temperatures ( Tni) were determined at various 
concentrations by polarization microscopy. We used a Leitz 
Orthoplan-Pol polarizing microscope with a Mettler FP800/82 
hot stage. The value of Tni was determined by measuring 10 
samples at a heating rate of 5 OC/min, where Tni is the tem- 
perature at which 50% phase separation is observed. Taking the 
average of these measurements leads to a reasonably accurate and 
reproducible value for Tni (within approximately 1 "C or less). 

Possible degradation of the polymer was investigated by cooling 
the sample and performing a second measurement. This is mainly 
of interest for the higher concentrations. For the measurements 
shown, no difference was found for the first and second mea- 
surements. If the temperature is higher than approximately 130 
"C, the degradation of the sample prevents accurate determination 

In principle the presence of water can also lead to serious 
problems for the reproduction of the results. We found that 
preheating the sample slides to about 50 OC before applying the 
polymer solution leads to homogeneous samples and reproducible 
results. If this procedure is not used we find 'isotropic" regions 
in the samples. This effect is possibly caused by a thin boundary 
layer of water on the glass slides that is removed by the preheating 
treatment. 

of Tni. 

l oo ]  
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Figure 2. Clearing temperature Tni as a function of polymer 
concentration (wlw) PPTA in 99.8% H2S01. The average mo- 
lecular weights M ,  are indicated by the different symbols. The 
drawn curves are from the theory described in the text. 
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Figure 3. Figure 2 but for DABT. 
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Figure 4. Figure 2 but for PBA. 
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Figure 5. Natural logarithm of Tni (kelvin) versus the natural 
logarithm of th_e PPTA concentration (w/w) in H2S04 (99.8%). 
The values for M, are indicated by the symbols. The drawn curve8 
are from the theory described in the text. 

The results are shown in Figures 2-4 and are also given in 
Figures 5-7, using logarithmic temperature and concentration 
scales, where Tni is in kelvin and c in percent (w/w). The values 
of A and a from a least-squares fit of the data to a relation of 
the form Tni = Aca are shown in Table I. The curves shown in 
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Figure 9. Orientational distribution function f(B) from the 
Maier-Saupe theory for kBT/c = 0.05 and 0.2. The vertical axes 
are scaled to the maximum value f(0). 

The standard Maier-Saupe theory is based on an ef- 
fective potential that leads to macroscopic orientational 
order5J0 

u = --~(~Z>P2(COS (8)) (2) 
where t is an arbitrary positive constant determining the 
strength of the orienting potential and (P2) is the average 
value of P2 (cos (p))  = 1/2(3 cos2 (8) - 11, the second-order 
Legendre polymomial. ( P 2 )  is usually called the order 
parameter. 

The value of (P2) describes the degree of order present: 
if (P2) = 1 one has perfect alignment of the molecules and 
if (P2) = 0 there is no macroscopic orientational order (i.e., 
the isotropic phase). The orienting potential U satisfies 
the symmetry requirements of the nematic phase (i.e., 
uniaxial up-down symmetry) and due to the presence of 
( P z )  disappears in the isotropic phase, as expected. 

Using this potential one obtains 

In@) (c in 96 w/w) 

Figure 6. Figure 5 but for DABT. 
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Figure 7. Figure 5 but for PBA. 

L e c t o r  

Figure 8. Nematic phase of wormlike polymer molecules, in- 
dicated by the thick lines. The angle f i  with respect to the local 
director is shown. 

the figures are obtained from a mean-field theory that is described 
in the following and should not be confused with the least-squares 
fits. 

A few general observations can be made from the measure- 
ments: first, we observe that higher molecular weights lead to 
somewhat higher values for T~ although this effect is not dramatic. 
Second, the low molecular weight samples show a much stronger 
influence of the concentration on Tni than the high molecular 
weight samples. 

T h e  Modified Maier-Saupe Mean-Field Theory 
The chance to find a molecule at  an angle 8 with respect 

to the director or average orientation axis is given by (see 
Figure 8) 

(1) 
The function f(8) is called the orientational distribution 
function. 

In general the orientational distribution function de- 
pends on all three Eulerian angles. The use of eq l im- 
plicitly means that we are excluding the possibility of 
biaxial phases and the influence of molecular flatness. This 
is due to the fact that the angle /3 is only related to the 
degree of long axis orientation of the molecules. In most 
cases, however, the description of the nematic phase using 
eq 1 is quite good. 

N(P) d8 = f ( P )  sin (PI d8 

with {the partition function 

(P2) is found from 

(P2) = lJ1d(cos 8) P2(cos P )  exp -(P2)P2(cos 8) 

(5) 
Note that (P2) = 0 is a solution of eq 5. Additional 

solutions for (P2) are found for low values of kBT/t .  The 
solution with the lowest value for the free energy is the 
stable one. This is found to correspond to the nematic 
phase. Thus given kBT/e, one can solve (P2) from eq 5 
and find f (p)  from eq 3 and 4. This leads to an approxi- 
mately Gaussian distribution of the molecules along the 
macroscopic axis that broadens with increasing tempera- 
ture kBT/t  (see Figure 9). A first order phase transition, 
from the nematic to the isotropic phase, occurs a t  kBT/c 
= 0.22. The critical value of (P2) a t  the phase transition 
is about 0.43. The temperature dependence of (P,) is 
shown in fig. 10. Observe that the clearing temperature 
is directly proportional to e. 

This standard Maier-Saupe mean-field theory has to be 
modified before application to lyotropic polymer liquid 
crystals. First, the influence of the concentration of the 
polymer molecules has to be taken into account. And 
second, the polymer molecules are (semi-) flexible. Mo- 
lecular flexibility is often described by the persistence 
length, L,, which can be determined by light-scattering 
methods. The persistence length for PPTA in dilute (i.e., 
isotropic) solutions is found to be 29 f 5 nm,' whereas the 
contour length for a characteristic molecular weight of say 

P -1 (k:T 
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30 000 amu is 170 nm. This is calculated by using a mo- 
nomer mass of 238 amu and a monomer length of 1.29 nm. 
From this we conclude that aramid molecules although stiff 
are far from being rigid. 

To  extend the Maier-Saupe theory to lyotropic PLC 
systems, we return to the expression for the orienting 
potential (eq 2). The parameter t will now be adapted to 
take concentration and molecular flexibility into account. 

Regarding the influence of concentration we choose t to 
be proportional to cy. According to an analysis by Cotter* 
the exponent y is expected to be 1. However, the influence 
of pressure on the clearing temperature of low molecular 
weight nematics indicates that higher values (as high as 
4) are found experimentally for this exponent. This is 
discussed in more detail by Luckhurst in ref 9. Here we 
are assuming that the density for a low molecular weight 
system is analogous to the concentration in the present 
case. 

As regards the influence of flexibility, first some remarks 
will be made on the persistence length. For an infinite 
semiflexible chain, one can derive that the persistence 
length is proportional to 1/T (see Appendix). This has 
been used before by several authors.lOfl From experiments 
on cellulose derivatives, the temperature dependence 
would seem to be even stronger with exponents of -1.6 to 
-3.7.12 We feel that this can possibly be explained from 
the breaking of the intrachain hydrogen bonds in cellulose. 
For this reason we will use the standard 1 / T  dependence 
for aramids. We now define L,, the persistence length at 
temperature T,, and L,, the average contour length of a 
polymer chain. In the Appendix the following expression 
for the temperature dependence of the "contour projection 
length" L ( T )  of a finite continuous semiflexible chain is 
derived: 

L(T)  = LP T/T, ( zp) (6) 

We defiie the contour projection length as the projection 
of a polymer chain along the direction of the first 
"segment". The limiting value for an infinite chain is just 
the persistence length, whereas the value for a very short 
molecule is just the end-to-end distance. This means that 
L(79 describes the rigidity of a semiflexible polymer for 
all molecular weights. For low molecular weights such 
polymers are essentially inflexible. For a high molecular 
weight the degree of rigidity is characterized by the per- 
sistence length rather than the contour length. In the 
model the molecular weight dependence of Ti comes from 
the influence of L, on L(79. We use only Mw for our model 
and do not consider the effect of the molecular weight 
distribution. 

The influence of the flexibility of the molecules on t is 
taken into account by postulating 

6 - (7) 
The value of the exponent d is not easily estimated. 

Assuming that E is proportional to L, i.e., 6 = 1, would seem 
reasonable from the point of view that increasing the 
length of a "test rod" in a nematic environment by a certain 
factor would increase the orienting potential by the same 
amount. On the other hand one can argue that a two- 
particle interaction would scale as L2. Reasonable values 
for 6 are thus somewhere between 1 and 2. For generality 
we will leave 6 as a parameter in the equations. When 
comparing the calculations with the experiments we, 
however, will use the value of 2, as this seems to give the 
best results. Combining both the influence of concentra- 

1 -exp - - 
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tion and that of flexibility on t leads to 

To estimate the influence of concentration on the clearing 
point we can study two extreme cases: the infinite chain 
and the rigid rod. The experimental dependence is de- 
scribed quite well by 

Tni = Ac" (9) 
Using this we now easily derive for the infinite chain limit 

Tni - ca - t - (L(T,i))*cy - Tni-6~' - 
thus c r a b  - c" and a = y/(6 + 1). For the rigid-rod limit 
we of course find a = y, as the influence of flexibility can 
be disregarded. 

We will now compare the model (eq 8) with the exper- 
imental results in Figures 2-7. The clearing temperature 
Tni is given by Tni = 0.22t/kB and E is given in eq 8. We 
use a value of 2 for both the exponents y and 6. This is 
in agreement with the observation that dispersive inter- 
actions scale as 1/fl (van der Waals) or 1/V or c2 and that 
the Maier-Saupe potential is an average over all two- 
particle interactions leading to an L2 dependence. Other 
values for the exponents give less satisfactory agreement 
of the theory with the experiments. Of course the value 
oft* in eq 8 has to be determined from the measurements. 
The point that was used is indicated by a filled circle in 
each of the figures. We find that the model gives quite 
reasonable quantitative agreement with the experiments. 
Both the slope of the concentration-Tni graphs and the 
influence of the molecular weight are described quite well. 
For PBA and PPTA the agreement is good. For DABT 
the experimental results for Mw = 70 OOO are not explained 
by the model. The calculated values of Ti for Mw = 42 OOO 
and 70000 are the same due to the fact that the contour 
length is substantially larger than the persistence length 
in both cases. The experimental difference is possibly 
caused by the very high viscosity of the Mw = 70000 so- 
lutions, leading to a slow response of the solutions to a 
temperature sweep. Indeed, a t  higher temperatures the 
difference between Mw = 42 000 and 70 000 seems to be 
rather small. 

The temperature dependence of ( P 2 )  from our model 
is shown in Figure 10 for the infinite chain limit. The 
parameters were chosen so as to obtain the same clearing 
temperature as with the standard Maier-Saupe theory, for 
easy comparison. The ( P 2 )  order parameter is more sen- 
sitive to changes in temperature with our model. This is 
due to the increasing rigidity of the polymer chain with 
decreasing temperature. 

Finally we would like to note that for the clearing tem- 
perature in thermotropic polyesters with various lengths 
of the spacers, we have found an exponent of about 0.6 in 
the Tni versus monomer length dependence. We take the 
odd-even effect into account by comparing only odd or 
only even numbers of the homologous series. As the mo- 
nomer length varies as a function of the length of the 
flexible spacer, one can relate this effect to a 
"concentration" of rigid aromatic groups in an aliphatic 
"solvent" (the spacers). The value of this exponent seems 
to be an almost universal property of the NI transition in 
thermotropic polymer liquid crystals (e.g., ref 13-15) and 
also agrees with a = 0.66 from our model for the high 
molecular weight limit using y and 6 = 2. This agreement 
could, however, just be a matter of coincidence. 
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Figure 10. (P2) order parameter as a function of kBT/c from 
the Maier-Saupe theory (dotted line). The drawn curve is from 
the model described here, for the infinite chain limit; the x-axis 
was scaled to the standard theory for easy comparison. 

Discussion 
Various objections can be raised to our model from a 

fundamental point of view, for instance the excluded- 
volume term in the free energy is completely disregarded, 
and the extension of the Maier-Saupe model is performed 
by using rather ad hoc methods. Nevertheless we feel that 
the ability to explain the experiments provides a certain 
justification of our line of approach. At any rate various 
essential properties of lyotropic polymer liquid crystals are 
taken into account. 

The combination of a wormlike model and a Maier- 
Saupe-type model has also been suggested by Jiihnig'O and 
is developed further by ten Bosch, Maissa, and Sixou16 as 
well as by Warner et al." Their models have not yet been 
compared with our experimental results but would seem 
to be quite promising. Indeed, by using t = P c  where t 
is the strength of the dispersion interaction per unit length, 
one readily finds T i  - ( ~ a a ) l / ~  - c1l2 for the high w limit. 
This is in agreement with our experimental results. A more 
detailed study of these theories is planned. 

A more stringent experimental test for our theory would 
be the determination of the temperature dependence of 
the order parameter in aramid solutions. Currently such 
measurements are under way and will be reported on in 
a future publication. 

Despite the success in explaining the experiments, we 
feel that ultimately a theory, along the lines of, e.g., 
Khokhlov and Semenov," that includes both the exclud- 
ed-volume interaction and a Maier-Saupe term should be 
capable of explaining the experiments. As yet, however, 
we have not succeeded in obtaining the observed influence 
of concentration on the clearing temperature from their 
theory. 
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Appendix: Derivation of the Contour Projection 
Length 

The polymer is modeled as a segmented chain where the 
rigid subsegments (of length a) are oriented parallel to each 
other by an orienting potential U 

u = cos (e )  
The orientational distribution function of a segment, as- 
suming a fixed orientation of the previous one, is given by 

with 

{ = J1d(cos -1 (e ) )  

2 k ~ T  
- ff sinh (6) 

Now the average deviation angle is given by 

t - l l l d ( c o s  -1 (8)) exp 

Assuming that the correlation between subsequent sub- 
segments is large, i.e., a/kBT is large, one finds 

kBT kBT 
(cos ( e ) )  = coth (&) - - a i= 1 - - CY 

The condition mentioned above can be satisified by 
choosing a sufficiently small length of a subsegment. 

The persistence length is obtained from the following 
expression 

m 
ffa = -  a L,(T) = aC (cos ( e ) ) n  = 

n=O 1 - (COS ( e ) )  kBT 
Thus it follows that 

L,(T) - 1 / T  
i.e., the persistence length is proportional to the reciprocal 
of the temperature. 

For a finite chain we similarly derive (L,  = Nu) 
N-  1 

L(T) = a c (cos ( e ) y  = 

L, 1 - ( coth ( k a T )  - - - "")" 
- 
N 

1 - (coth (e) - y )  
Now taking the continuous limit where N - m ,  a - m, 

and a = KN we find 

Requiring that L(T,) = L, (the persistence length at  tem- 
perature T,) for an infinite chain length, we find for K 

And thus 

Registry No. PBZ (homopolymer), 25136-77-0; PBA (SRU), 
24991-08-0; PPTA (copolymer), 25035-37-4; PPTA (SRU), 
24938-64-5; DABT (copolymer), 29153-47-7. 
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ABSTRACT Alkali-metal salts of (w-carboxy)oligo(oxyethylene) methacrylate (CME,M, M = Li, Na, or K) 
have been synthesized and polymerized to prepare polymeric solid electrolytes. These polymers have a flexible 
main chain, an oligo(oxyethy1ene) side chain for ion conduction, and a carrier ion source in the repeating unit. 
The conductivity of CME,K homopolymer, 1.1 x S/cm at 30 "C, is the highest value reported for a 
polyelectrolyte "homopolymer" without any additives. This conductivity is attributed to the oligo(oxyethy1ene) 
side chain, which facilitates the dissociation of the alkali-metal carboxylate. The temperature dependence 
of ionic conductivity is not linear, suggesting that conduction occurs by the WLF mechanism. Vogel-Tam- 
mann-Fulcher plots are linear when the standard temperature is defined as T g  - 50 "C. The differences in 
conductivity of P(CME7M) with different cations at the same AT from T g  are attributed to differences in 
ion-dipole interaction forces and in dissociation energy of the electrolyte. WLF plots of the conductivity 
of P(CME,M) are independent of cation species and show a standard curved line, suggesting that carrier ions 
do not migrate naked but are bound to polymer segments through ion-dipole interaction forces. It is suggested 
that ion migration is controlled primarily by segmental motion of the polymer rather than by the interaction 
between cation and ether oxygen. 

Introduction 
Polymeric solid electrolytes with high ionic conductivity 

are of interest for theoretical and basic research as well 
as for applications in novel devices. Research on poly- 
ether/inorganic salt hybrids has been aimed a t  achieving 
higher conductivity and analyzing the ionic conduction 
mechanism.'-9 These polymeric solid electrolytes con- 
taining LiC104 have ionic conductivities of 10*-10-9 S/cm 
a t  25 "C. We have reported an ionic conductivity as high 
as S/cm in poly[oligo(oxyethylene) methacrylate]/ 
LiX.10-12 This ionic conductivity was attributed to the 
flexible oligo(oxyethy1ene) segment with a lower Tg than 
crystalline poly(oxyethy1ene). Comblike polymers con- 
taining oligo(oxyethy1ene) chains have been used as matrix 
polymers, and their hybrids with inorganic salts showed 
similar cond~ct iv i t ies . '~ -~~ 

These hybrid polymeric solid electrolytes do not prevent 
the migration of counterions. Accordingly, a significant 
decrease in ionic conductivity occurs under continued dc 
polarization even when alkali-metal nonblocking electrodes 
are used. It appears that ion pairs are localized near the 
anode. This localization could increase the Tg of the 
microenvironment in the polymeric solid electrolyte, thus 
blocking ion migration and preventing further supply of 
alkali-metal cations from the anode. This decrease in 
conductivity bars the use of such electrolytes in devices 
driven under dc polarization and points to the need for a 
matrix in which only cation migration is allowed. 

There are three approaches to single-ion conduction in 
a polymer matrix. (1) Blends of polyelectrolyte salts with 
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soft segments such as poly(oxyethylene), in which count- 
ercations become mobile,"J8 are one approach. This se- 
lective ion conduction can be attributed to the relatively 
larger diffusion coefficient of small counterions than that 
of the giant polyions. (2) Polyelectrolyte "copolymer" 
systems that contain units with relatively large segmental 
motion are another. We have reported on copolymers of 
oligo(oxyethy1ene) methacrylate and alkali-metal meth- 
acrylates as polymeric solid electrolytes that have a carrier 
ion source and a low Tg matrix and that show high ionic 
conduction without any (3) Polyelectrolyte 
"homopolymers" are a third approach. We report here the 
synthesis of alkali-metal salts of (w-carboxy)oligo(oxy- 
ethylene) methacrylate and the preparation of polymeric 
solid electrolytes from them by polymerization. 
Experimental Section 

Materials. (w-Carboxy)oligo(oxyethylene) Methacrylate 
(CME,H). (w-Hydroxy)oligo(oxyethylene) methacrylate (Blen- 
mer, Nippon Oil & Fats Co., La.) (20 g for n = 3, 30 g for n = 
7) and NaHC03 (8 g) were dissolved in 500 mL of distilled water. 
This solution was vigorously stirred with 6 g of 10% platinum- 
on-carbon catalyst while oxygen was bubbled through. The re- 
action temperature was maintained under 40 O C  to avoid spon- 
taneous polymerization. After 12 h, the catalyst was filtered out 
and washed well with distilled water to collect monomers. The 
resulting aqueous solution was adjusted to pH 2 with hydrochloric 
acid to remove carbonate ion, and the pH was then increased to 
8 with aqueous lithium hydroxide solution. The solution was 
washed with chloroform (500 mL x 6) to remove the unreacted 
Blenmer. The pH of the solution was again changed to 2, and 
CME,H was extracted with chloroform. The extract was diluted 
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