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ABSTRACT: Dilute solution studies on ethylene-propylene (EP) copolymers in hydrocarbon solvents a t  
-10 to +50 "C showed that highest viscosities were obtained in methylcyclohexane and lowest iz toluene 
and tetralin (tetrahydronaphthalene). The copolymers contained 58-80 mol % ethylene; their M ,  values 
were 148 000 to 322 000 and only those with 80% ethylene contained crystallinity. The solvating power of 
aliphatic solvents for amorphous copolymers, as measured by viscosity, decreased slowly with rise in tem- 
perature while that of the aromatics improved slightly to 20 "C and then remained constant or gradually 
diminished. The low-temperature solubility of partially crystalline copolymers was poorer in most sol- 
vents, improved rapjdly to 20 "C, and then changed little with temperature. Linear double logarithmic 
plots of [7] against M ,  were obtained for all EPs in methylcyclohexane, but the Mark-Houwink equation 
did not describe low-temperature data in toluene. Equivalent hydrodynamic volumes were calculated. Behav- 
ior of partially crystalline copolymers in poor solvents a t  low temperatures is explained by ordering of the 
longer ethylene sequences into aggregates or partially ordered domains. 

Introduction 
There are only scattered reports i n  the literature on 

di lute  solution properties of ethylene-propylene co- 
polymers'-8 and jus t  a few of them address the effect of 
temperature on solution behavior.&8 This is rather sur- 
prising in  view of the extensive commercial applications 
of EP copolymers. One of their  important  applications 
is in  motor oils where they  modify the viscosities of the 
oils and extend the temperature range over which they 
can be used. The purpose of our work is to gain a bet- 
ter picture of polymer-solvent interactions of EP copol- 
ymers  in  hydrocarbon solvents and increase our under- 

* To whom correspondence should be addressed. 

s tanding of their  behavior in  the temperature range use- 
ful for motor oils. Wi th  this in  mind, we investigated 
the effect of aliphatic and aromatic  hydrocarbon sol- 
vents on the solution viscosity of EP copolymers in the 
temperature range of -10 to +50 "C using five copoly- 
mers differing in such key properties as molecular weight, 
ethylene to propylene ratio, length of ethylene sequences, 
and crystallinity. 

Experimental Section 
The ethylene-propylene copolymers were prepared with a sol- 

uble Ziegler-Natta catalyst composed of an alkylaluminum halide 
and a vanadium salt. Molecular weights and polydispersity were 
obtained by means of gel permeation chromatography (GPC) 
in 1,2,4-trichlorobenzene at 135 "C utilizing a Waters 150 C 

0024-9297/90/2223-2519$02.50/0 0 1990 American Chemical Society 
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Table I 
Molecular Characteristics of Ethylene-ProDslene CoDolsmers 

FTIR DSC X-ray NMR 
EP copolymer M w / M n  ethylene, mol % N E,  CH,/CH, T,, "C crystallinity, % 

EP-1 148 2.9 60 
EP-2 252 3.5 58 
EP-3 192 3.4 70 
EP-4 207 3.6 80 
EP-5 322 4.1 80 

GPC instrument equipped with five columns (1  x IO6, 1 x IO5, 
1 x IO4, 1 x lo3, and 500 A). 

A Perkin-Elmer DSC-7 differential scanning calorimeter was 
used at a heating rate of 10 "C/min to determine melting points 
(T,) while crystallinities were obtained from wide-angle X-ray 
scattering measurements (WAXS) on a Scintag Pad V diffrac- 
tion system. Ethylene contents, mean number of ethylene units 
in sequences of 3 or more, N ,  and the fraction of ethylene 
sequences containing 3 or more ethylenes, E,, I 3, were deter- 
mined by using the method of Randall' and Johnston et al." 
from 13C NMR data obtained in o-dichlorobenzene on a Varian 
VXR-300 spectrometer. 

All viscosity measurements were made with Ubbelohde vis- 
cometers in a bath controlled to within hO.01 "C of the desired 
temperature. The initial solutions ranged in concentration from 
0.4 to 1.0 gjdL, depending on copolymer molecular weight. Mea- 
surements for each solution were run as many as eight to ten 
times. Densities of the solvents at the different temperatures 
were measured with a Mettler/Paar DMA 45 Digital Density 
Meter and EP concentrations were corrected for the change of 
solvent density with temperature. No kinetic energy correc- 
tions were made because_ the flow times of the solvents were at 
least 100 s." Since the M ,  values were not too high and intrin- 
sic viscosities of most EP samples were below 3.00 dL/g, the 
effect of shear rate was negligible.'* 

Methylcyclohexane, tetralin, and hexane were obtained from 
Aldrich Chemical and toluene and isooctane (2,2,4-trimethyl- 
pentane), from Burdick and Jackson Co. All solvents were of 
high purity and were used as received. 

Results and Discussion 

Copolymer Characterization. Important factors that 
affect intrinsic viscosity of copolymers include, in addi- 
tion to those which are pertinent for homopolymers, chem- 
ical composition, homogeneity, and length of sequences 
of chemically identical monomer The signifi- 
cant characteristics of the EP copolymers used in this 
study are listed in Table I. As shown, weight-average 
molecular weights range from 148 OOO to 322 000 and molec- 
ular weight distributions, Pd, are 2.9-4.1. EP-1 and EP-2 
contain, respectively, 60 and 58 mol % ethylene; EP-3 
contains 70% ethylene; and EP-4 and EP-5 contain 80% 
ethylene. In both EP-1 and EP-2, the mean number of 
ethylene units in sequences of 3 or more and the frac- 
tion of these sequences are similar (N = 4.2 and 3.9; E,  
= 0.35 and 0.30). For EP-3, N and E,  are 4.8 and 0.56, 
respectively. Both these values +re, however, consider- 
ably larger for EP-4 and EP-5 ( N  = 6.5 and 6.1; E,  = 
0.62 and 0.65). Judging by DSC scans, the copolymers 
with 58-70 mol % ethylene are completely amorphous 
while those with 80% have small crystalline fractions char- 
acterized by broad melting peaks around 43-45 "C. Wide- 
angle X-ray diffraction shows that EP-4 and EP-5 con- 
tain, respectively, 8.4 and 5.2% of crystalline material. 
The ratio of CH, to CH, groups14 was found to be about 
2 for EP-1 and EP-2,5.1 for EP-3, and 7.9 and 7.5, respec- 
tively, for EP-4 and EP-5. 

Relative Viscosities. Viscosity studies were carried 
out in five hydrocarbon solvents using the copolymers 
characterized in Table I. They were selected to be rep- 
resentative of different types of base oil components. Thus, 

4.2 0.35 2.0 
3.9 0.30 2.1 
4.8 0.56 5.1 
6.5 0.62 7.9 45 8.4 
6.1 0.65 7.5 43 5.2 

O!O 0.1 0.2 0.3 0.4 0.5 
J 

CONCENTRATION OF EP COPOLYMERS (gmi100 ml) 

U I 
0.0 0.1 0.2 0.3 0.4 0.5 

CONCENTRATION OF EP COPOLYMERS (gmilO0 mll 

Figure 1. Relative viscosities of EP copolymers in toluene: 
(a) 20 O C ;  (b) -10 "C. 

hexane and isooctane are representative of paraffinic com- 
ponents; methylcyclohexane is representative of a naph- 
thenic component, toluene, representative of an aro- 
matic component, and tetralin, representative of a com- 
plex aromatic-naphthenic component. 

Parts a and b of Figure 1 illustrate how the various 
factors affecting viscosity can change in relative impor- 
tance with temperature. Shown here are the relative vis- 
cosities (efflux times of solutions/efflux time of solvent) 
for solutions of EPs as a function of copolymer concen- 
tration in toluene at  -10 and +20 "C. At 20 "C, as well 
as a t  higher temperatures, relative viscosities increase with 
molecular weight and concentration of the copolymers 
regardless of composition. At -10 "C, however, the sit- 
uation is very different. Here, the viscosities of the par- 
tially crystalline EP-4 and EP-5 are lower than those of 
the samples with 58-70% ethylene even though EP-5 has 
the highest molecular weight and the molecular weight 
of EP-4 exceeds those of EP-1 and EP-3. These data 
reveal that molecular weight is the predominant factor 
which governs the solution viscosities of the EP copoly- 
mers in toluene at  high temperatures; however, as tem- 
perature is lowered, parameters related to copolymer com- 
position and structure such as ethylene content, size and 
number of ethylene sequences, and crystallinity gain in 
importance. Figure 2 shows the relative viscosities of solu- 
tions of EP-5 in all five solvents a t  20 "C. Results a t  
other temperatures and for the other copolymers are sim- 
ilar. It is apparent that methylcyclohexane is thermo- 
dynamically the best solvent. 

Intrinsic Viscosities, Huggins Constants, and 
Equivalent Hydrodynamic Volumes. Intrinsic viscos- 
ities were obtained from the equation15 

(1) VSP/C = [ V I  + K1hl2C 
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Table I1 
Equivalent Hydrodynamic Volumes, 1OL8V, (cm*/molecule), 

in Methylcyclohexane 

Figure 2. Relative viscosities of solutions of EP-5 in various 
solvents at 20 OC. 
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TEMPERATURE ('C) 

Figure 4. Huggins constants, K,, for EP copolymers in meth- 
ylcyclohexane at various temperatures. 

by extrapolating plots of q,,/c versus c to infinite dilu- 
tion while Huggins constants, K,, were calculated from 
the slopes of the plots. In the equation qep is the spe- 
cific viscosity (the relative increment in solution viscos- 
ity over that of the solvent), qsp/c ,  the reduced viscos- 
ity, [ q ] ,  the intrinsic viscosity, and c ,  the polymer con- 
centration. 

Figure 3 shows the temperature dependence of the 
intrinsic viscosities in methylcyclohexane. For all cases, 
they decrease slightly as the temperature is raised from 
-10 to 50 "C, indicating that solubility and polymer-sol- 
vent interaction are poorer a t  the higher temperature. 
The biggest [v] decrease, about 2090, is obtained for EP-5. 
Huggins constants in methylcyclohexane are shown in 

K ,  change in opposite directions with an increase in tem- 
perature. 

Intrinsic viscosity data were used to calculate the equiv- 
alent hydrodynamic volumes, V,, a measure of the size 
of a polymer molecule a t  infinite dilution where polymer 
coils behave essentially like hard spheres and refuse to 

The following equation of FlorylS was 
used to obtain V, 

Figure 4. As reported for other s y ~ t e m s , ' * ~ ~ ~ *  [?I and 

v, = R [ q ] / u N  (2) 
where M is the molecular weight, N ,  Avogadro's num- 
ber, and u, a shape factor. For spheres, u is equal to 2.5.21 
Equivalent hydrodynamic volumes for the copolymers in 
methylcyclohexane are given in Table 11. At  any given 
temperature, the values grow with increasing molecular 

~~ 

temp, "C EP-1 EP-2 EP-3 EP-4 EP-5 

-10 12.3 39.2 24.9 26.5 76.3 
0 11.8 38.8 23.1 26.5 74.0 

10 11.7 38.8 23.1 26.5 70.7 
20 11.7 37.9 21.8 25.3 69.5 
30 11.4 37.0 21.8 24.7 67.3 
40 10.9 35.3 21.8 24.0 65.1 
50 10.4 32.6 21.2 24.0 60.6 

* -1O.C 
.€-- 20.C 
-0- 50.C 

0 . 6  

- 0 . 4  - 
I3 
(3 
0 
J 
0.2 - 

-n 3 I I I I I I -.- 
5.0 5.1 5.2 5.3 5.4 .5.5 5.6 

LOG cw 
Figure 5. Double-logarithmic plots of [ q ]  against Mw for EP 
copolymes in methylcyclohexane. 

Table 111 
Mark-Houwink Constants, K and a, in Methylcyclohexane 

and Toluene 
1 0 4 ~ ,  aL/g a temp, 

O C  methylcyclohexane toluene methylcyclohexane toluene 
10 0.80 3.50 0.82 0.66 
20 0.92 1.10 0.81 0.76 
30 1.00 0.80 0.80 0.79 
40 1.04 0.79 0.80 0.79 
50 1.10 0.78 0.79 0.80 

weights; they decrease, however, by about 15-20% between 
-10 and 50 "C, indicating slightly reduced polymer-sol- 
vent interaction with rising temperature. 

For homopolymers and copolymers of identical com- 
position and structure, weight-average molecular weights 
are frequently related to  [v] by using the Mark- 
Houwink expression 

[v] = KM; (3) 
where K and a are constants. Figure 5 shows the dou- 
ble-logarithmic plots of intrinsic viscosity against MW in 
methylcyclohexane at  -10,20, and 50 "C. In spite of sig- 
nificant differences in the compositions and structures 
of the copolymers (Table I), a reasonably good linear fit 
is obtained at  all temperatures. The parameters K and 
a are shown in Table 111. The values for the parameter 
a (0.79-0.82), which is a measure of polymer-solvent inter- 
action, are consistent with values reported for good 
solvents.6~'3~'9 The fact that they decrease very slightly 
between 10 and 50 "C from 0.82 to 0.79 is in agreement 
with the already discussed weakening polymer-solvent 
interaction with rising temperature. 

Intrinsic viscosities in toluene are given in Figure 6. 
While the values for the amorphous samples, EP-1 to 
EP-3, change only modestly with temperature, this is not 
the case for the partially crystalline samples with 80% 
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TEMPERATURE ("C) 

Figure 6. Intrinsic viscosities of EP copolymers in toluene at 
various temperatures. 

0 0  
-20 0 20 40 60 

TEMPERATURE ("C) 
Figure 7. Huggins constants, K1, for EP copolymers in tolu- 
ene at various temperatures. 

Table IV 
Equivalent Hydrodynamic Volumes, IO" V, (cm*/molecule), 

in Toluene 
temp, "C EP-1 EP-2 EP-3 EP-4 EP-5 

-10 6.6 19.4 12.5 2.5 5.6 
0 8.1 22.1 13.7 8.2 24.7 

10 8.5 22.9 15.6 15.9 29.2 
20 9.0 23.8 15.6 16.4 38.2 
30 9.0 23.8 16.2 16.7 41.5 
40 8.8 23.8 16.5 18.0 43.7 
50 8.5 22.9 16.2 18.2 43.7 

ethylene. Here, the [ q ]  values increase by over 500% 
between -10 and +10 "C. Such a rise in [ q ]  with tem- 
perature has been interpreted as being indicative of an 
endothermal heat of mi~ing.'"'~ Figure 7 shows the cor- 
responding Huggins constants. For the three amor- 
phous samples, the changes are small; the values first 
decrease as the temperature rises and then increase slightly. 
The changes for EP-4 and EP-5 are larger, with the val- 
ues falling as the temperature increases. The equivalent 
hydrodynamic volumes in toluene are listed in Table IV. 
Again, the biggest changes are for the same copolymers. 
For instance, the value for EP-5 increases by over 600% 
between -10 to +50 "C, with most of the increase occur- 
ring below 20 "C, while that for EP-1 increases by only 
28%. These results are consistent with poor solvent- 
polymer interaction for the partially crystalline copoly- 
mers at low temperatures which improves upon heating 
while the interaction for the amorphous materials is not 
particularly sensitive to temperature. 

The plots of the log [v] against log Mw in toluene at 
-10, 20, and 50 "C are shown in Figure 8. Comparison 
with Figure 5 shows that the behavior in toluene, a poor 
solvent, is quite different for the partially crystalline sam- 
ples from that in methylcyclohexane, a considerably bet- 
ter solvent. Reasonably good straight lines are obtained 
at  20 and 50 "C. However, a t  -10 "C the data points for 
both crystalline copolymers, EP-4 and EP-5, are nowhere 
near the straight line. I t  should also be noted from Table 
I11 that the values for the parameter a in toluene increase 
from 0.66 at  10 "C to 0.80 at  50 "C, indicating consider- 
ably improved polymer-solvent interaction as the tem- 
perature rises. 

t 
-0.4 t I 

-0 .6 i , , , , ; i  0 

- 0 . 8  
510 5.1 5.2 5.3 5.4 5.5 5.6 

LOG Fw 
Figure 8. Double-logarithmic plots of [7] against ifXw for EP 
copolymers in toluene. 

Viscosity measurements and calculations, analogous to 
those described above for all copolymers in methylcyc- 
lohexane and toluene, were also obtained for EP-1, EP-2, 
and EP-5 in hexane, isooctane, and tetralin. Intrinsic 
viscosities, Huggins constants, and equivalent hydrody- 
namic volumes in hexane are shown in Table V. Viscos- 
ity-temperature behavior of EP-1 and EP-2 in hexane is 
similar to that in methylcyclohexane, with [ q ]  decreas- 
ing slowly with temperature. Viscosity of EP-5 increases 
appreciably between -10 and 10 "C and then falls off as 
the temperature is raised further. In isooctane, [v] val- 
ues or EP-1 and EP-2 decrease gradually from 1.10 and 
1.70 dL/g to 0.80 and 1.30 dL/g when the temperature 
rises from -10 to 50 "C. For EP-5, [q]  rises from 0.45 to 
1.85 dL/g between -10 and 10 "C and then changes only 
slightly to 1.75 dL/g upon further warming to 50 "C. Hex- 
ane and isooctane are thus good solvents for EP-1 and 
EP-2 but poor ones for EP-5 at  low temperatures. In 
tetralin, the intrinsic viscosites of EP-1 and EP-2 are essen- 
tially constant between -10 and 50 "C,  with values of 
0.90-1.00 and 1.10-1.15 dL/g, respectively. In contrast, 
the intrinsic viscosity of EP-5 rises rapidly from 0.70 dL/g 
at -10 "C to 2.10 dL/g a t  20 " C  and does not change 
much thereafter. The Huggins constants for the copol- 
ymers in hexane, isooctane, and tetralin again change in 
opposite direction from the [ q ]  values. In hexane and 
isooctane, the equivalent hydrodynamic volumes of EP-1 
and EP-2 decrease by about 25 % from -10 to 50 "C  
while that of EP-5 increases by about 90% in hexane 
and 300% in isooctane. I t  is interesting to note that 
although EP-1 and EP-5 have comparable V values in 

at -10 "C, the V, of EP-1 decreases by 15% as the tem- 
perature is increased to 10 "C  but increases by more than 
300% for EP-5. The V, values of EP-1 and EP-2 in tetra- 
lin do not change much with temperature but increase 
by about 200% for EP-5 between -10 and 20 "C. 

General Comments. Intrinsic viscosities and the 
parameters that can be calculated from them provide a 
convenient tool for comparative study of a series of related 
materials in a group of solvents. Our data show very clearly 
the considerable effect of the structure of the solvent on 
the solubility of the EP copolymers. They also demon- 
strate unambiguously the unexpected importance of very 
small amounts of copolymer crystallinity, particularly on 

isooctane of 10.4 X lo-'' and 9.6 X lo-'' cm 8 /molecule 
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Table V 
Intrinsic Viscosities, [q ] ,  Huggins Constants, K,, and Equivalent Hydrodynamic Volumes, V,, of EP-1, EP-2, and EP-5 in 

Hexane 
EP-1 EP-2 EP-5 

temp, "C [TI, dL/g K ,  lO"V,, cma/molecule [TI, dL/g K ,  1OlSVe, cma/molecule [TI, dL/g K ,  10'8V,, cmg/molecule 
-10 1.05 0.52 10.0 1.70 1.54 30.0 1.20 5.12 26.9 

0 1.05 0.53 10.0 1.65 1.52 29.1 2.20 4.85 49.4 
10 0.90 0.56 8.5 1.55 1.54 27.3 2.30 4.53 51.6 
20 0.93 0.63 9.0 1.50 1.55 26.5 2.20 4.32 49.4 
30 0.75 0.69 7.1 1.35 1.60 23.8 2.10 4.26 47.1 
40 0.73 0.65 7.1 1.30 1.67 22.9 2.05 4.30 46.0 
50 0.74 0.62 7.1 1.25 1.66 22.1 2.00 4.28 45.3 

the viscosities in poorer solvents a t  low temperatures. 
Of the five solvents investigated, methylcyclohexane 

is the best and tetralin the poorest. The differences in 
solvating power are most obvious below 10 "C; above that, 
the distinctions between good and poor solvents are less 
striking. In methylcyclohexane, polymer-solvent inter- 
action decreases with increasing temperature for all sam- 
ples, both amorphous and partially crystalline. In tolu- 
ene and tetralin, much poorer solvents, solubility improves 
rapidly for the partially crystalline materials at low tem- 
perature and then remains constant or changes only 
slightly; for the totally amorphous materials it changes 
little over the entire temperature range. Holly22 found 
from swelling studies of cross-linked EP  rubber that ali- 
phatic solvents become poorer and aromatic solvents 
improve with temperature between 25 and 100 "C. On 
the other hand, Arlie et a1.,6 who examined the solubil- 
ity of an EP copolymer with 57 mol % ethylene which 
was presumably amorphous, reported that its intrinsic 
viscosities in dodecane, dodecylcyclohexane, and dode- 
cylbenzene all decrease as the temperature is raised from 
0 to 100 o c .  

The effect of copolymer structure on solubility is most 
pronounced in the four poorer solvents in which the two 
partially crystalline samples behave very differently from 
the three amorphous ones. Both the intrinsic viscosities 
of EP-4 and EP-5 and their equivalent hydrodynamic 
volumes decrease steeply as the temperature is lowered 
below 10 "C. No such decrease is observed for EP-1, EP-2, 
and EP-3; the [ q ]  and V,  values for the amorphous copol- 
ymers with 60 and 70% ethylene show relatively little 
variation with temperature. This sharp increase in the 
endothermal nature of the systems with the partially crys- 
talline EPs is characteristic of solutions approaching their 
8 temperatures;" it is, therefore, very likely that a t  the 
lowest temperature in this study, -10 "C, these solutions 
are close to their 9 temperatures. Above 10 "C struc- 
ture and crystallinity become secondary to molecular 
weight in their effect on solution behavior. In the best 
solvent, methylcyclohexane, the viscosity of all solutions 
is influenced primarily by copolymer molecular weights 
and the effects of composition, structure, and crystallin- 
ity, if any, are minor. Particularly striking here is the 
fact that straight lines are obtained in the plots of log 
[ q ]  versus log M,. 

While it is clear from our data that ethylene sequences 
sufficiently long to form even very small amounts of crys- 
tallinity are responsible for the rapid decrease in intrin- 
sic viscosity at low temperature in poor solvents, the exact 
nature of their involvement has yet to be elucidated. I t  
is likely that the events a t  low temperature are started 
by contraction of the copolymer chains as the solvent 
becomes poorer, leading to greater proximity of ethylene 
sequences. This could permit nucleation of the longer 
ethylene sequences into aggregates or partially ordered 
domains leading to additional volume contraction and 
further decrease in viscosity;23 the copolymer is main- 

tained in solution by the more soluble propylene sequences 
and shorter ethylene sequences not part of the ordered 
domains. A somewhat similar suggestion was made sev- 
eral years ago by Filiatrault and Delmas, who postulated 
that in a bad solvent or a t  low temperature the crystal- 
line part of an EP  copolymer, Le., the ethylene sequences, 
forms crystalline regions held in solution by the more 
soluble propylene segments.4 Support for the view that 
ordered aggregates are responsible for our observations 
is found in other work as well. I t  has been reported that 
intermolecular ordering phenomena are more evident in 
samples with higher ethylene content.= High aW results 
on EP  copolymers using light scattering have been attrib- 
uted to crystallites or molecular  aggregate^.^*^' A num- 
ber of studies have shown that when block copolymers 
are dissolved in a hydrocarbon which is a bad solvent for 
one of the components, the copolymer molecules can asso- 
ciate to form micellar aggregates with the insoluble blocks 
comprising the micellar cores.2528 EP-4 and EP-5 could 
be viewed as block copolymers with the crystallizable poly- 
ethylene segments above a certain minimum length com- 
prising the less soluble blocks. 

I t  is thus recognized that in poor solvents a t  low tem- 
perature EP-4 and EP-5 may exist as dispersions rather 
than solutions. The data in this paper are treated, how- 
ever, as though soluble portions of the EP copolymers 
solubilized the partially ordered domains from the longer 
ethylene sequences of EP-4 and EP-5 and the copoly- 
mers are actually in solution, even a t  -10 "C. This 
approach is based upon lack of any compelling experi- 
mental evidence at  this time to the contrary and previ- 
ous work on EP  ~opolymers.l-~.~ Results reported here 
as well as the work on polystyrene-poly(ethy1ene 

show that the question of when EP  copolymers are in 
solution and when in dispersion is far from clear-cut and 
needs further examination. 

propylene) block copolymers in hydrocarbon solvents2s- a * 
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ABSTRACT: Stresses and birefringences are measured for isotropic solutions of poly(y-benzyl L- 
glutamate) as functions of shear rate and time at concentrations ranging from dilute to concentrated. The 
Doi theory and other Landau-de Gennes theories for rigid molecules predict a pretransitional rise in the 
stress-optical ratio C-that is, the ratio of birefringence to stress-as the concentration approaches the 
value at which a first-order liquid-crystalline transition occurs. This predicted rise occurs because of crit- 
ical slowing down as the concentration approaches the spinodal before being cutoff by the first-order tran- 
sition. Our measurements of C for PBLG show a rise of this kind by a factor of 3.5. Kinetic rod-jamming 
effects in our data can be distinguished from the thermodynamic critical slowing down by combined use of 
stress and birefringence. The Doi theory also predicts a nonlinear coupling between the shearing field and 
the excluded-volume potential that causes curves of steady-state shear viscosity versus shear rate at differ- 
ent concentrations to cross, an effect seen in our measurements. We find violations of the stress-optical 
rule in that the measured values of C depend not only on molecular weight and concentration but also on 
shear rate and time after start-up and cessation of shearing. These latter dependencies can be explained 
by modest levels of polydispersity in molecular weight. 

I. Introduction 

The thermodynamics, molecular dynamics, a n d  rheol- 
ogy of straight rigid polymers in solution are  strongly 
dependent on concentration and molecular weight. If t he  
aspect ratio of the rodlike molecules is high (100 or more) 
and the distribution of molecular weights is not too broad, 
four regimes of concentration can be discerned, as dis- 
cussed by Doi and  Edwards;' see Figure 1. In the  dilute 
and  semidilute regimes, t he  average distance between 
neighboring rods is so large compared t o  the  rod diame- 
ter  t ha t  they can be regarded as line particles. T h e  semi- 
dilute regime is distinguished from the  dilute in tha t  in 
the  former molecules a re  unable to  rotate freely without 
interference from surrounding rods, and  in the  latter they 
can. Scaling arguments show tha t  rotational interfer- 
ence becomes significant when 

uL3 = p (1) 
where u is t he  number of molecules per uni t  volume of 
solution, L is t he  molecular length, and  0 is a dimension- 
less constant t ha t  experiments show to  be roughly 30.' 
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When the  concentration becomes high enough that 

vbL2 = 1 
then  the  rod diameter b is large enough compared t o  the  
distance between neighboring rods that excluded vol- 
ume can no longer be neglected, and  the  solution is con- 
sidered concentrated.' When excluded-volume effects are 
modest, t he  solution remains isotropic at equilibrium, 
though orientational correlations are  present because of 
packing constraints. At  higher concentrations, orienta- 
tion-dependent excluded-volume effects become so strong 
tha t  t he  rods spontaneously orient into a nematic liquid- 
crystalline phase. 

In  what follows, we briefly survey the  s ta tus  of theory 
for the  rheology of dilute and  semidilute solutions of rigid- 
rod polymers. We then  detail some predictions of t he  
Doi theory for concentrated isotropic solutions of these 
polymers. Attempts t o  apply this theory t o  the  liquid- 
crystalline regime have been hindered by the  orienta- 
tional inhomogeneities (or defects) present in real liquid- 
crystalline samples and  unaccounted for in the  theory. 
T h e  potential of t he  Doi theory to  describe concentrated 
isotropic solutions, which have no defects, has  not  here- 
tofore been assessed a n d  is one motivation for t he  present 
work. 
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