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ABSTRACT: Both the rheooptical and rheological properties of a polymer liquid crystalline system may 
well be interpreted by supposing three typical structural models for the bulk structure of the system: (1) 
a piled polydomain, in which many small domains are piled randomly; (2) a dispersed polydomain, in which 
a large domain occupies the whole volume, but not without the presence of some smaller domains; (3) a 
monodomain continuous phase. The piled polydomain which is usually seen for a virgin sample is considered 
to be transformed finally into a monodomain continuous phase by a shear or other external field. The flow 
properties of concentrated solutions of racemic poly(y-benzyl glutamate) in m-cresol a t  concentrations above 
the B point have been observed with a rheometer equipped with a quartz cone-plate and the transmitted 
light intensities (Zx, 111, ZE) of polarized light have been simultaneously measured as a function of shear rate. 

Studies'-* of the rheological behavior of polymer liquid 
crystals provide a great deal of technologically important 
information, particularly information about the ability to 
spin such materials into fibers, but rheological methods 
alone cannot give the full picture. Such materials form 
complicated and unstable superstructures and accompa- 
nying unusual textures. Therefore, new rheooptical tech- 
niques were developed in our laboratory for studying the 
relation between structure and rheological properties of 
various liquid crystals.s12 This paper is concerned with 
the rheooptical properties of solutions of poly(y-benzyl 
glutamate) in the liquid-crystal state. 
Experimental Section 

Measurements. A block diagram of one of the rheooptical 
instruments (apparatus 11) is shown in Figure 1. A cone and plate 
type rheometer equipped with a transparent cone and plate made 
of quartz is combined with the optical system. A monochromatic 
laser light beam (A = 6328 A) passes through a polarizer (P), quartz 
plate (E), sample (F), quartz cone (G), and analyzer (A). The 
transmitted light is finally detected by a photomultiplier tube 
(PMJ. Thus, the apparatus enables us to simultaneously measure 
rheological properties and transmission of polarized lights through 

0024-9297/80/2213-0867$01.00/0 

a sheared sample. The diameters of the cones and plates employed 
were kept constant (8 cm). Four cones of different cone angles 
(0.865, 1.01, 2.06, 3.85') were used. 

At room temperature (22 "C), the shear stress and transmitted 
light intensities (Zx, 111, ZE) were measured simultaneously as 
functions of shear rate (3 x 10-'-2 x 10' s-l), where IX, 111, and 
IE are fractional transmitted light intensities when crossed po- 
larizers (at IC. = 45' in Figure 2), parallel polarizers (at IC. = 4 5 9 ,  
and crossed polarizers a t  the extinction position (at IC. = 0') are 
used, respectively. The geometries are shown in Figure 2. 

Although it depended on concentration and shear rate whether 
or not the optical quantities varied with time at constant shear 
rate, all data presented here were taken a t  the steady state, and 
these were confirmed by observing for a much longer time than 
that required for recognizing the steady state of the stress: for 
example, 60 min a t  4 = 3.47 X lo-' s-', 30 min a t  4 = 6.9 X lo-' 
8, and 1 min a t  4 = 1.04 X 10' s-l. 

Materials. Poly(?-benzyl L-glutamate) of weight-average 
molecular weight 15 X lo4 and poly(?-benzyl D-glUtamate) of 
weight-average molecular weight 15 X lo4 were obtained fro-m 
Sigma Chemical Co. These weight-average molecular weights M ,  
were estimated from the intrinsic viscosity [q] of dilute solutions 
in dichloroacetic acid at 25 "C, using the relation proposed by 
Doty et  al.13 Equal amounts of both materials were dissolved in 
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Figure  1. Block diagram of rheooptical apparatus 11: LS, laser 
light source; BE, beam expander; F, filter, LG,, input glass fiber 
tube (light guide, 10-mm i.d. X 30 pm); P,  polarizer; S1, entrance 
slit; E, quartz plate; F, sample, G, quartz cone; S2, exit slit; A, 
analyzer; LG2, output glass fiber tube; PM,, photomultiplier tube; 
LEI, amplifier; PM2, photomultiplier tube (for monitor use); LE2, 
amplifier (for monitor use); R, recorder; M, transducer for de- 
tecting torque; Y, amplifier (for torque). 
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1 FLOW DIRECTION 
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Figure  2. Geometry of the optical system: 1, flow direction; 2, 
directionof light propagation; 3, radial direction of t h e s n e  and 
plate. OP is the transmission axis of the polarizer and OA is the 
transmission axis of the analyzer. 

r 0 

Figure  3. Schematic representation of the variation of trans- 
mitted light intensities (Z,, Zl,) with retardation (r) according to 
eq 1. 

rn-cresol to give 20,30, and 40 wt % solutions. The concentrations 
of these solutions are above the B point a t  22 "C. 

General  Considerations of the Optical Quantities. (1) 
Uniform System. When the retardation (r) of a uniaxially 
oriented continuous phase undergoes continuous changes, Z, and 
Ill vary in a quasi-periodic manner, as expressed by eq 1 and shown 

I ,  = K sin2 ( r I ' / A )  

I / !  = K[I - sin2 ( d / h ) ]  (1) 

schematically in Figure 3. In eq 1 A is the wavelength of the light 
and K is a coefficient which is unity when there is no absorption 
and scattering. In such a simple case, this equation enables us 
to evaluate birefringence from I ,  and ZII (the so-called transmission 
methodI4). The same idea can be applied to a liquid-crystal 
system, as long as the system is optically inactive and behaves 
as a monodomain continuous phase [schematically shown in Figure 
6 (III)]. 

* E  4 , OPilC axis 

3 

I;= k ~inW)~ in2( rc r /h ]  
when Jl-0, I p O  

Figure 4. A uniaxially birefringent subdomainbetween crossed 
polarizers. Transmission axis of the polarizer (OP) coincides with 
flow direction 1. $ is the angle between the optical axis and the 
polarizer axis. The transmitted light intensity I; should be 0 when 
$ - 0. 

If there is an optical rotational effect due to  molecular or 
structural optical activity, this effect may be superimposed on 
the birefringent effect. In such a case Z, is helpful to know whether 
or not the optical rotational effect is involved, because a change 
in optical rotational power causes a wavy change of IE. On the 
other hand, for a uniaxially birefiringent system without optical 
rotation, ZE should be zero. When the optical rotational effect 
is very small, the birefringence can still be evaluated by the 
transmission method.14 Actually, we have obtained the streaming 
birefringence of isotropic solutions of poly(?-benzyl L-glutamate) 
successfully by this transmission meth0d.l' 

(2) Polydomain System of Liquid Crystals. Generally, 
liquid crystals appear in so-called polydomain textures (for ex- 
ample, Figure 4 in ref IO). Lyotropic polymer liquid crystals also 
appear in polydomain textures (for example, Figure 4 in ref 15). 
For such polydomain textures, many domains exist in a field. The 
incident polarized light will be depolarized by various degrees 
owing to the depolarization effect of various domains.12 No 
difference between Z, and Ill will be observed, since the transmitted 
light consists of variously depolarized lights. Thus for such 
polydomain systems, it is difficult to obtain birefringence as a 
measure of molecular orientation by the transmission method. 

As mentioned above, ZE is useful for studying the deformation 
process in such polydomain systems. Suppose a uniaxially bi- 
refringent body is put between crossed polar izerss  shown in 
Figure 4. The transmission axis of the polarizer (OP) coincides 
with the flow direction 1. The angle between the optical axis and 
the polarizer axis (transmission axis of the polarizer) is denoted 
by $. When the uniaxially birefringent body orients such that 
its optical axis is parallel to the flow direction, the angle $ becomes 
zero, and hence the transmitted light intensity I E  tends to zero. 
Thus, for an ideal system without light scattering and optical 
activity, IE = 0 means that all subdomains orient so that their 
optical axes are parallel to the flow direction or that d subdomains 
coalesce to a monodomain continuous phase having the optic axis 
parallel to the flow direction. Here, a volume element which acts 
as a birefringent body is referred to as a subdomain. 

Now, consider a case in which several domains exist in a field. 
The thickness and the direction of the optical axes of the sub- 
domains are randomly distributed. Consequently, the incident 
light will be depolarized during the passage. Thus, a high value, 
say 5070, will be expected for all three optical quantities IE, I,, 
and Zl,. 

Results and Discussion 
The optical quant i t ies  hereafter will be  represented b y  

t h e  percent transmission with respect t o  the light intensity 
t ransmit ted through parallel polarizers for isotropic solu- 
tions. It was found that the  optical quantities at the steady 
s ta te  as function of shear  ra te  depend on t h e  sample  
thickness. In order t o  clarify this effect quantitatively, we 
measured I ,  and 111 by using a parallel-plate rheometer  
ra ther  than a cone-plate one. T h e  results are shown i n  
Figure 5. In this  figure, d denotes the sample thickness. 
As is evident  f rom the figure, I ,  and 111 show periodic 
change with large ampli tudes at higher shear  rates. The 
thinner the sample and the  higher the shear rate, the more 
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Figure 5. Thickness effect of rheooptical property for 20% 
solution. (a) I ,  (0) and 111 (a), the transmitted light intensities 
illustrated in Figure 2, are plotted against the log of the shear 
rate (y ) .  d is the thickness of the sample between the plates. (b) 
IE, the transmitted light intensity illustrated in Figure 2, is plotted 
against the log of the shear rate ( y ) :  (0) d = 0.3 mm; (0) d = 
0.4 mm; (e) d = 0.6 mm; (0 )  d = 1.0 mm. 

striking is the waviness. On the other hand, I E  is very low 
a t  higher shear rates. On the contrary, at lower shear rates, 
I ,  and Ill are almost constant and I ,  is very high. 

As discussed previously (General Considerations of 
Optical Quantities), the periodic changes in I ,  and 111 mean 
that the continuous change in retardation with shear rate 
takes place and that there exists a continuous phase which 
contributes to the retardation change. If there are domains 
suspended in the continuous phase, the wavy change in 
I ,  and 111 will be masked by their depolarization effects; 
correspondingly IE will become larger. So long as the 
masking effect is not too great, the amplitude of the wavy 
curve will be reduced slightly. On the contrary, when the 
masking effect is extremely large, the wavy change in I ,  
and 111 might not be observed. 

The results seen in Figure 5 are well interpreted by the 
structural models shown schematically in Figure 6. The 
values of I,, 111 and IE for a virgin state of the sample are 
always approximately 50%, though they are not shown in 
the figures. This fact means that the incident light was 
depolarized almost completely and the transmitted light 
contains various components of electric vectors. Such a 
polydomain system which consists entirely of small do- 

Figure 6. Schematic representations of liquid crystalline 
structures of a polymeric system: (I) piled polydomain system; 
(11) dispersed polydomain system; (111) monodomain continuous 
phase. 

mains is referred to here as a “piled polydomain system” 
[shown schematically in Figure 6 (I)]. For an undeformed 
piled polydomain system, I E  will be very large. The wavy 
change in I ,  and Ill would not be expected if the piled 
polydomain structure were maintained during the flow. 
The flow maintaining the piled polydomain structure 
was referred to before as “polydomain flow”; this was ob- 
served under the microscope with concentrated poly(y- 
benzyl L-glutamate) solutions by UP and with [poly(l,6 
phenyleneterephthalamide) and poly[ (2,7-phenanthridone) 
terephthalamide] solutions by Horio.I5 

At  higher shear rate for thinner samples, the system is 
considered to flow almost as a monodomain continuous 
phase [Figure 6 (III)], because I ,  and 111 show periodic 
changes with large amplitudes and a t  the same time IE is 
very small. The initial polydomain structure is trans- 
formed to a monodomain continuous phase by shear de- 
formation with a high shear rate. Here we must take into 
account the coalescence and growing of individual domains 
by shear. 

A domain will be deformed by applied shear and grow 
larger by coalescence with neighboring domains. As a 
consequence of the successive occurrence of such a coa- 
lescence and growing process, a continuous phase appears 
which initially contains a number of remaining domains. 
The remaining domains will coalesce into the continuous 
phase after all, provided the shear rate becomes large 
enough. Thus it can be said that the initial piled poly- 
domain structure is transformed to a dispersed polydomain 
system above a certain shear rate (or stress). When the 
continuous phase predominates in the sample, the wavy 
change in I ,  and 111 can be observed. 

At  lower shear rates where both I ,  and Ill are almost 
constant and I E  is very high, the system is considered to 
flow, maintaining its piled polydomain structure or a 
dispersed polydomain system just transformed from a piled 
polydomain structure. Above a critical shear rate (Ti), at 
which the wavy change of I ,  and Ill starts, the continuous 
phase appears predominantly in the sample. The in- 
creasing amplitude of the wavy curve with increasing shear 
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Figure 7. Schematic illustration of domain-uniting. Solid rod 
represents the director. 
rate implies that the volume fraction of the continuous 
phase in the dispersed polydomain system [Figure 6 (II)] 
increases with increasing shear rate. 

The decrease of IE  in Figure 5b corresponds to the in- 
crease of the amplitude of wavy curve in Figure 5a; IE  
varies with shear rate as if it envelopes wavy curves of I ,  
and 111. The variation of IE with shear rate also represents 
the variation of the fraction of suspended domains in the 
sample by coalescence and growing. Figure 5b shows that 
above the critical shear rate (qi) I E  decreases with in- 
creasing shear rate; above a higher critical shear rate (qJ 
i t  approaches a low equilibrium value which depends on 
the thickness. The thicker the sample, the higher the 
critical shear rate. It is reasonable to attribute this 
equilibrium of IE a t  high shear rates to a monodomain- 
oriented continuous phase formed throughout the sample. 
The monodomain continuous phase may still contain some 
defects, which cause the depolarizing effect, and, hence, 
a nonzero equilibrium value of IE. 

If the deformation of all domains in the sample were 
uniform, q, should be independent of sample thickness. 
However, this is not the case when one observes the ex- 
perimental results. Therefore, we must consider the wall 

or inequality of deformation of domains. In the 
case of thinner samples, the majority of domains contact 
the walls directly and are sheared effectively. For thicker 
samples, on the other hand, domains in direct contact with 
the walls are sheared effectively, but may other domains 
are not so sheared because rotation or slippage of domains 
occurs. These domains can coalesce into a continuous 
phase only a t  much higher shear rates. 

The coalescence or growing process of domains is sche- 
matically illustrated in Figure 7. In the unsheared state 
(left), the system consists of many domains oriented ran- 
domly. The territories which are surrounded by the solid 
lines are what we call “domain” and the domain consists 
of several subdomains. A subdomain can be treated as a 
single birefringent volume element which is observed as 
a dark or bright region under a crossed-polarizer micro- 
scope. In this figure, the solid rods in a domain represent 
directors which indicate the local orientation of molecules. 
The white arrows in the figure show the average orientation 
directions of the directors. When the domains are de- 
formed by an applied force, as in the center of Figure 7 ,  
there appear regions where directors of adjacent domains 
coincide with each other. Then these adjacent domains 
coalesce into a large domain. Thus, the domains become 
larger and larger until they grow to a monodomain con- 
tinuous phase (right). In an intermediate stage, some 
domains or domainlets remain in a continuous phase 
[Figure 6 (1111. 

For 20% solution, wavy changes of I ,  and Ill and the 
decrease in IE begin at  a very low shear rate (Ti = 8 X lo-* 
s-l). At high shear rates, the amplitude of the wavy curves 
becomes very large, and IE  approaches asymptotically a 
very low value. From these results for the 20% solution, 
we conclude that the piled polydomain structure in the 
undisturbed state changes easily to a continuous phase, 

60 t 
2o t \ I  I 0: -1 0 1 2 3 

LOG Y (sec-l ) 

Figure 8. Variations of I, (O), Zli (a), and ZE (a) with shear rate 
(9 )  for a 20% solution. ~ 

i 60/  RACEMIC 4 0 %  Rw.154O5 
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Figure 9. Variations of 1, (O), Ill (01, and ZE (0) with shear rate 
(9)  for a 40% solution. 

even a t  low shear rates, and the continuous phase grows 
with increasing shear rate until it forms a monodomain 
continuous phase a t  high shear rate (1 X lo2 s-l). 

The rheooptical behavior of a 30% solution is almost 
the same as that of a 20% solution, except that the critical 
shear rate qi is 1 s-l, higher than that for 20% solution. 

For a 40% solution, I ,  begins to decrease a t  a lower 
shear rate (qi = 7 X s-l), above which both I ,  and ZII 
decrease with increasing shear rate, in marked contrast to 
the case for a 20% solution. The decrease in IE here does 
not indicate the disappearance or orientation of the po- 
lydomain structure but does mean that dynamic light 
scattering due to polydomain flow will occur. Such 
rheooptical behavior of a 40% solution is similar to that 
of thicker sample of a 20% solution, except for the re- 
markable decrease in I ,  and Ill with increasing shear rate. 
This result may be interpreted by considering that the 
domains in a 40% solution are smaller than those in less 
concentrated solutions and hence more domains are in- 
cluded in the same thickness. 

In Figure 10, flow properties of the three solutions are 
shown. It should be emphasized here that no differences 
were observed in the flow properties measured at different 
cone angles, although the rheooptical properties measured 
simultaneously depend strongly on the cone angle, as 
mentioned previously. The apparent viscosity ( 7 )  curve 
for a 30% solution is similar to that for a 20% solution. 
The apparent viscosities of these solutions do not depend 
on shear rates below T = 1 X lo2 s-l, while that of a 40% 
solution depends strongly on shear rate in the entire region 
examined. 

Presumably, at  very low shear rates, shear-rate depen- 
dence of the apparent viscosity for the 20 and 30% solu- 
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Figure 10. Apparent viscosities as a function of shear rate (+): 
(0) 20%; (0) 30%; (0) 40%. 

tions would be observed. The decrease in the apparent 
viscosity for a 40% solution with increasing shear rate may 
arise from plastic flow of piled domains, each of which has 
a very high yield value. On the contrary, the yielding of 
domain in 20 and 30% solutions may occur at so small a 
stress that it cannot be detected. From the above results 
system a 40% solution, we conclude that domains in 
concentrated solutions are smaller and more stable than 
those in less concentrated solutions. The higher me- 
chanical stability of the domains in a 40% solution is also 
considered to  be responsible for the decrease of trans- 
mission of light with increasing shear rate due to dynamic 
scattering, as mentioned earlier. 

We point out that no long-range orientation would be 
expected, so long as polydomain flow takes place. To 
attain uniform molecular orientation throughout a sample, 
one must find conditions where a continuous monodomain 
phase truly exists. Piled polydomain will be transformed 
to a monodomain continuous phase by shear or other ex- 
ternal field. To obtain a highly oriented system (i.e., to  
obtain an oriented monodomain continuous phase), one 
must induce the domains to coalesce and grow larger. For 
this purpose, the applied stress (or strain) must be deliv- 
ered effectively to  individual domains. Consequently, to 
get a highly oriented sample, i t  is necessary to take into 
account the mode of deformation, including the geometry 

of the apparatus as well as the size and stability of do- 
mains, which probably depend on molecular weight, con- 
centration, temperature, pressure, and so on. 

The above results show that domains for higher con- 
centration are small and mechanically stable and that a 
higher shear rate (or larger stress) is required to obtain an 
oriented monodomain continuous phase. On the other 
hand, for lower concentrations only a low shear rate (or 
small stress) is required because domains are large and 
unstable, provided all other conditions such as geometrical 
conditions of the apparatus, temperature, and so on are 
the same. 
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ABSTRACT Six samples of polyacrylamide prepared by radical polymerization in water solution were studied 
by the methods of sedimentation equilibrium and viscometry. Evaluation of sedimentation equilibrium yielded 
the molecular weight, the polydispersity parameter, and the second virial coefficient. The intrinsic viscosity 
increases with increasing concentration of sodium chloride. The parameters of the Mark-Houwink-Sakurada 
relation [7] = KM“ were estimated and compared with the literature data. 

Water-soluble polymers are rapidly gaining practical 
importance as viscosity-enhancing agents, flocculating 
agents, food additives, etc. However, at  present the basic 
properties of these polymers and their solutions are not 
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known to a satisfactory degree. This situation arises 
(among other things) from the fact that these polymers 
exhibit a large number of unwelcome properties. They 
frequently have broad distribution of molecular weights, 
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