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ABSTRACT We have used rheology, rheo-optical observations, and small-angle neutron scattering under 
shear to  investigate the flow, orientation, and texture properties of nematic solutions of equilibrium or 
“living“ polymers. The elementary objects of these liquid crystalline phases are wormlike micelles, that 
is, flexible cylindrical aggregates made of amphiphile molecules. The aqueous surfactant solutions 
investigated here (cetylpyridinium chloride and hexanol in 0.2 M NaC1-brine) exhibit the classical 
structural sequence: isotropidnematidhexagonal with increasing surfactant concentration 6. The nematic 
phase observed for 6 = 34%-38% consists of very long cylindrical micelles closely packed parallel to  
each other, thus producing long-range orientational order. We have shown that when subjected to a 
steady shear, the nematic phase of living polymers behaves very similarly to  that of the conventional 
liquid crystalline polymers. From the rheo-optical observations, we demonstrated that so-called band 
textures show up perpendicular to the flow direction after cessation of the shearing, indicating a 
modulation of the director orientation. As for liquid crystalline polymers, these textures are interpreted 
in terms of relaxation of the Frank distorsional energy accumulated during the flow. The time evolution 
of the average band spacing of the texture could be determined and compared to recent theoretical 
predictions; e.g. in the low-shear regime the squared band spacing scales linearly with time. We also 
study the evolution of the order parameter of the nematic state (actually spatially averaged over the 
mesoscopic textures observed during the flow or at rest) determined from small-angle neutron scattering 
spectra obtained under shear. As remarkable features, we found out that above a characteristic shear 
rate, pc, the nematic living polymers form an orientational monodomain which in addition is remarkably 
stable over a long period of time. The present data are compared to those reported for liquid crystalline 
polymers. 

I. Introduction 
It is now well established that under appropriate 

conditions, the amphiphilic molecules spontaneously 
self-assemble to form highly flexible locally cylindrical 
aggregates with an average size approaching several 
micr0ns.l The typical radii of these wormlike micelles 
are about 20-25 A, and the persistence length, which 
is related to the flexibility of the polymer-like chain has 
been estimated to be -150-200 A. As far as the static 
and quasi-static properties are concerned, it has been 
shown that semidilute solutions of wormlike micelles 
resemble strongly those of conventional polymers.2 
However, unlike ordinary polymers, the micellar chains 
are equilibrium objects: they can reversibly break and 
recombine. At the origin of the terminology usually 
employed for these systems, namely equilibrium or 
“living” polymers, this property has crucial consequences 
on their flow behaviors. 

The linear and nonlinear viscoelastic responses of the 
isotropic solutions of living polymers have been exten- 
sively studied over the past few years, both theoreti- 
cally and e~perimentally.~-~ The semidilute (4 RZ 
1-lo%, where 4 is the total surfactant concentration) 
and concentrated (4 5 30%) regimes were investigated, 
and a successful picture of the microscopic mechanisms 
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able to relax external applied stresses has been devel- 
oped. The linear rheology appears to be dominated by 
reptation and by reversible breaking and recombina- 
tions of the chains. At still higher concentration, 4 > 
40%, the micellar threads orient a t  a large scale due to 
steric constraints, resulting in an ordered phase of 
hexagonal symmetry. But, more interestingly, a ne- 
matic calamitic (N,) phaseg-ll is sometimes observed at 
intermediate concentrations between the isotropic (L1) 
and the hexagonal (H) phases (typically for 30% < $J 
40%). Concerning the structure, scattering experi- 
mentslO have revealed that the nematic phase indeed 
consists of very long cylindrical micelles closely packed 
parallel to each other, thus producing long-range ori- 
entational order. Up to now, however, little attention 
has been paid to the rheological properties of such 
nematic phases made of wormlike micelles as well as 
to the possible molecular alignment induced by a 
shearing field. 

On the other hand, the rheology of liquid-crystalline 
polymers (LCP) has been a research field of intense 
activity during the past decade. The most thoroughly 
studied LCP’s are the systems with polypeptidic or 
cellulose chains (e.g. PBLG12-14 and HPC,15 respec- 
tively). For these systems, in absence of flow, it is now 
admitted that the orientational correlations related to 
the long-range nematic order result in a polydomain 
structure whose most obvious property is the nonho- 
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mogeneous birefringence of light. Each domain is then 
characterized by a homogeneous average molecular 
orientation, defining for nematics the director axis. 
Such a polydomain spatial arrangement is comparable 
to what is known in solid state physics as polycrystalline 
materials, as long as the translational degrees of 
freedom are replaced by orientational ones. 

A great amount of experimental data using, e.g., the 
optical microscopy under shear has shown the existence 
of so-called textures during and after cessation of flow 
in LCP’S.~~-~O These textures usually are in the mi- 
crometer range and are interpreted in terms of spatial 
variations of the director axis all through the sample. 
The main difference between the description in terms 
of polydomain structure (at rest) and the textures 
observed under shear is that the distribution of nematic 
directors is in the former case constant over all the 
directions of space, whereas for the latter case it is 
anisotropic and maximum in the direction of flow. It 
has been suggested r e ~ e n t l y l ~ ! ~ ~  that the textures in 
polymeric nematics are related to the director tumbling 
effects. The tumbling describes a situation in which, 
when subjected to a simple shear flow, the nematic 
director can find no preferred orientation and thus it is 
assumed to rotate indefinitely in the shear fieldaZ2 

M a r r ~ c c i ~ ~  was the first to propose that these textures 
arise from the competition between the viscoelastic and 
the elastic Frank stresses. These latter ones are due 
to the orientational inhomogeneities of the director 
occurring at the transitions or walls from a domain to 
the next one. The Frank energy density is of the form - Haz where K denotes some elastic constant of 
the material and a is the average texture length scale. 
When compared to the viscous energy density, an 
expression of a can be derived for the steady state 
regime? 

a - ( ~ / q p > ~ ‘ ~  (1) 

Here 7 is its characteristic viscosity and i /  is the shear 
rate at which the sample is sheared. Later on, Larson 
and Doi improved this phenomenological approach. 
Inspired by the Leslie-Ericksen theory for nematics, 
these authors provided a mesoscopic domain theory 
which, in a rather complicated way, however, relates 
the order parameter of the nematic state spatially 
averaged over domains, the total shear stress u = v j ,  
and the texture length a. Furthermore this model was 
successfully tested against rheological experiments, 
explaining notably the scaling laws observed in tran- 
sient shear flow and strain recovery measurements.21 
The most noticeable findings of both theoretical at- 
tempts emphasize the crucial role played by the textures 
in the rheology of LCP’s and also emphasize that the 
flow properties of such systems are entirely controlled 
through their history.l2-l4 

We give here a first account of a comprehensive 
investigation on nematic living polymers. One basic 
question we wanted first to address deals with the 
eventual similarities of flow behaviors between the two 
types of liquid crystalline phases discussed above. To 
do so, we focus more specifically on (i) microscopic 
observations under crossed polarizers of a nematic 
solution during and after cessation of flow and (ii) the 
evolution of the spatially averaged order parameter of 
the nematic state determined from small-angle neutron 
scattering (SANS) spectra obtained under shear. In this 
report we demonstrate that the so-called band textures 
characteristic for LCPs also show up in nematic living 
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Figure 1. Region of the cetylpyridinium/hexanollO.2 M NaC1- 
brine phase diagram showing the structural sequence, isotropic 
(Ll)/nematic calamitic (N,)/hexagonal (HI, related to the ori- 
entational micellar arrangement. For concentrations +“er 
4% and q5cpcl 32%, a nematic “island” is observed. L,/L1 
denotes a biphasic region where the lamellar (smectic) and 
disordered micellar phases coexist (hatched area). The limits 
are only indicative. CPCl and Hex concentrations are given 
in weight percent. 

polymers afier cessation of the shear. The time evolu- 
tion of the average band size could be determined and 
compared to recent theoretical predictions;20,z1 e.g. in 
the low shear regime the squared band spacing a( t )  
scales linearly with the time. Finally, above a charac- 
teristic shear rate pc, the nematic living polymers form 
an orientational monodomain which in addition is 
remarkably stable. 

11. Experimental Details and Results 
Phase Diagram and Experimental Details. The 

surfactant system placed under scrutiny is the ternary 
solutions made of cetylpyridinium/hexanoY0.2 M NaC1- 
brine (hereafter abbreviated as CPCUHex). The struc- 
tural sequence evoked in the introductory section, 
namely isotropidnematidhexagonal (LlINJH), observed 
with increasing concentration is well illustrated by the 
phase diagram of Figure 1 (2’ = 30 “C). For concentra- 
tions hex x 4% and &pc1 FZ 32%, a nematic “island” is 
observed. Samples with different concentrations within 
this island have been investigated and were found to 
behave identically in experiments probing the dynamics 
or the structure of the nematic phase. 

The observations of the textures during and after 
cessation of shear were performed at ambient tempera- 
ture with the rheo-optical device described in ref 24. The 
shearing cell was a transparent cone (with an angle of 
0.04 rad) and a transparent plate, the gap between both 
tools being 42 pm. The incident light was incoming 
perpendicular to the cone and the plate and parallel to 
their rotation axis, i.e. parallel to the gradient direction 
of the shear flow. The textures of nematic living 
polymers were observed using an optical polarizing 
microscope (with a magnification of 10) and recorded 
as videotapes. 

The SANS measurements were performed at the 
Orph6e Reactor at the Laboratoire Leon Brillouin on 
CPCUHex/D20 (0.2 M NaC1) solutions, which show a 
phase diagram similar to that of Figure 1, as far as the 
molar ratio [HexY[CPCl] is conserved.l’ A 1 mm gap 
Couette cell, specially designed for SANS experimentsz5 
was utilized as the shearing device in the range 0.1- 
250 s-l. The incoming neutron beam, which encoun- 
tered the sample normal to the axis of rotation of the 
Couette cell, was parallel with respect to  the shear 
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Figure 2. Variation of the steady state viscosity 7 = u.4~ as 
function of the shear rate for a solution of CPCL/Hex nematic 
living polymers with total surfactant concentration $J = 37%. 
Insert: tofient, the time required for the shear stress to reach 
its steady state value ue is plotted against the shear rate. The 
straight line with a slope -1 through the data points indicates 
that a constant strain is needed (yonent = 220) to reach this 
steady state, independent of the shear rate applied. 

gradient and perpendicular with respect to the flow. 
This configuration was thus similar to that of the rheo- 
optical observations. Data were collected on a two- 
dimensional detector (128 x 128 elements of 0.5 x 0.5 
cm2) located at 2 m with a neutron wavelength A = 6.29 
A. Shearing above a few hundred inverse seconds was 
prohibited due to flow instabilities a t  the air/solution 
interface. 

We also present results on the viscoelastic response 
of the nematic CPCVHex solutions to a steady shear (p 
= 0.05-100 s-l). Measurements were carried out on a 
Rheometrics fluid spectrometer (RFS 11) working in a 
cone-and-plate configuration with controlled shear rate 
(2' = 25 "C). At very low gradients, the transient regime 
could last up to 1 h, and thus an anti-evaporation device 
was specially constructed for the measuring cell. 

Rheology. Since the history of a liquid crystalline 
solution is crucial for its rheological and structural 
properties, a very accurate determination of the flow 
behavior of the present system was achieved. Figure 2 
displays the p dependence of the steady viscosity for a 
36% CPCVHex solution. The data points were obtained 
according to the following procedure: the sample was 
presheared at a fixed rate (ppresh = 1 s-l) until the steady 
state conditions were reached, and then the shear rate 
was switched to the desired value (p = 0.05-100 s-l). 
It was maintained until 4 t )  stabilized at its equilibrium 
value a,. The steady viscosity shown in Figure 2 was 
calculated from this equilibrium value of the stress. Up 
to -1 s-l, ~ ( p )  exhibits a plateau around 5.5 Pa s, 
followed by a shear thinning regime. 

It should be emphasized that the dt) profiles recorded 
as a function of time in a constant shear rate experiment 
all exhibit a transient regime characterized by damped 
oscillations of the stress. The overall behavior of the 
oscillating shear stress resembles strongly that observed 
in LCP's.12-15 It is however out of the scope of the 
present report to discuss in detail the transient re- 
gime.26 The time required to induce the orientation of 
the nematic solution toi-jent has been plotted as function 
of the shear rate in the insert of Figure 2. It was deter- 
mined from the transient response as the time for which 
( ~ ( t )  - Ue)/Oe < 2%. As indicated by the straight line 

through the data points, one gets todent = 220/y. This 
simple power law variation means that a constant strain 
(Yofient = 220 f 20) is needed to reach the steady state 
of shear flow in CPCYHex nematic solutions, or in other 
words that 220 strain units are necessary for such a so- 
lution to forget its own shear history. These data were 
essential in order to perform rheo-optical and SANS 
experiments under controlled shearing conditions. 

Optical Microscopy under Shear. In the follow- 
ing, we focus essentially on the appearance of band 
textures after cessation of the flow. The nematic 
solution was first loaded between the transparent cone 
and plate. As already observed on LCP'S,~O and il- 
lustrated in Figure 3a, the sample loading induces an 
average orientation in the direction of the vorticity, i.e. 
perpendicular to both shearing and gradient directions. 
The width of the field of view in Figure 3a and in the 
following figures is 520 f 20 pm. (Figure 3 has been 
reduced to 44% for publication.) 

The sample was then sheared at a constant rate p, p 
varying from 0.5 to 100 s-l, for a time t much longer 
than that defined as the orientation time torient in the 
preceding section. Let us first briefly examine the case 
of the steady state of shearing ( y ( t )  >> ?orient). At low 
shear rates, a striped texture can be identified, with 
stripes parallel to  the flow. The texture lengths are 
estimated on the order of 5-10 pm, depending on the 
rate applied. Moreover, we do observe a refinement of 
the stripes as the shear rate increases, e.g. between 0.1 
and 0.5 s-l. With a magnification of 10 as used in our 
rheo-optical experiments, the a(?) dependence could not 
be studied quantitatively and compared to  the predic- 
tions of eq 1. 

We turn now to  the rheo-optical observations of 
textures after cessation of the shearing field. For these 
experiments, the samples were always prepared under 
identical conditions: the transparent cone was stopped 
after the solution had been sheared for more than 220 
strain units (see previous section and Figure 2). Figures 
3b and 3c show examples of band textures developing 
&r the cessation of the flow in the direction perpen- 
dicular to it. After a preshear at 5 s-l the pictures were 
shot under a crossed polarizer and analyzer a t  the early 
(Figure 3b) and the late (Figure 3c) stages of the growth. 
Without polarized incoming light, these textures are no 
longer detectable, indicating clearly that they are due 
to spatial inhomogeneities of the nematic director, only. 
From Figure 3b and 3c, the average band spacing a can 
be estimated at 17 and 75 pm, respectively. a was 
estimated from the total number of bands (ranging 
between -50 and 5 typically) directly counted on the 
video monitor. At least qualitatively, the textures in 
Figure 3b and 3c look very similar to those evidenced 
on LCP solutions.16-20 Actually, the band textures show 
up at all rates between 0.5 and pc = 50 s-l and exhibit 
an overall similar behavior: as time evolves, the bands 
broaden noticeably, with a band spacing ranging from 
a few micrometers to 100 pm. The textures remain 
stable and rather unchanged then for the next hour, 
until the bands transform eventually into a multido- 
main structure. 

Concerning the time variation of the texture patterns 
discussed above, three preshearing rate domains can be 
distinguished. 

I. f'presh < 5 S-l: After an incubation time (e.g. 50 s 
at 0.5 s-l and 14 s at 1 s-l), the bands show up and the 
band spacing increases regularly upon time. Actually, 
this incubation time has been found to vary roughly as 
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Figure 3. Sample of CPCVHex nematic solution (@ = 37%) 
as observed between crossed polarizers (PI using an optical 
polarizing microscope. The magnification is 10 and the width 
of the field of view 520 pm (figure reduced to 44% for 
publication). The solution is between the cone and the plate 
elements of a shearing cell working at a gap of 42 pmJ4 (a, 
top) After sample loading. (h, middle) M e r  cessation of the 
shearing flow (pprrsh = 5 s-l) at the early stage of the growth 
of the textures. (e, bottom) Same as (h) but at the late stage 
of the growth. The flow direction is shown by the vector ij, 
and 5 is the vorticity. 

y p d - 2  in this preshearing range. The late stage regime 
is characterized by a constant band spacing, typical 
values being 100 pm. 

0 100 2w 300 400 500 
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Figure 4. Time dependence of the average band spacing a of 
the textures developing after cessation of the shear flow in 
CPCVHex nematic solutions. The two seta of data obtained 
for preshearing rates 5 s-' (open circles) and 26 s-' (closed 
circles) illustrate the typical behaviors for domains I and I1 
(see text). For both shear rates, the incubation times are lower 
than 1 s. The continuous line results from best fit calculations 
using eq 3. 

11. For 5 s-l < ppleah < 50 s-l, no measurable 
incubation time could be detected. After the shear 
stops, the band texture appears almost instantaneously. 
In such cases, the band spacing increases strongly a t  
the early stage of the growth, and then saturates a t  
values comparable to those of the previous regime 
(domain I). The time dependence of the band spacing 
in living nematic polymer is displayed in Figure 4 for 
preshearing rates )ipmsh = 5 and 26 s-l, illustrating the 
characteristic time behavior of domains I and 11. The 
continuous line through the 5 s-l data points is ex- 
plained in the next section. 

111. )ipmsh > 50 s-l: No band texture could be 
evidenced in these cases. The solution remains homo- 
geneously birefringent all through the measuring cell. 
These data suggest that the shearing has created a 
homogeneous monocrystalline orientation through the 
entire sample volume, without apparent defects. This 
monodomain is in addition rather stable over a long 
period of time. This result is corroborated using SANS 
under shear, as shown below. 

Small-Angle Neutron Scattering under Shear. 
In Figure 5a and 5b are displayed typical two-dimen- 
sional scattering patterns for a 35.2% CPCVHex solution 
(in deuterated water) under shear. The flow direction 
is indicated by the arrow and the neutron beam is 
incoming parallel to the velocity gradient axis (Le. 
perpendicular to the plane of the figures). Shear rates 
are 0.75 and 250 s-l, respectively. Again, as  for the 
rheo-optical observations, the neutron data were col- 
lected from samples which had been presheared in both 
cases for more than 220 strain units, so that the spectra 
in Figure 5 are the static structure factors of solutions 
in the steady state of shearing. The neutron intensities 
exhibit two crescent-like peaks in the direction perpen- 
dicular to the flow (shown by an arrow in Figure 5a). 
Such an anisotropic scattering in the form of equatorial 
arcs is characteristic for nematic me so phase^.^^^^ It 
reflecta the short-range translational order with respect 
to the center-of-mass of the micellar aggregates and the 
long-range orientational order driven by the flow. The 
sharp maximum in the Q1 direction is at transfer 
momentum Qm = 0.11 A-', corresponding to an average 
distance between polymer chains of about -60 A. In 
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Figure 6. Map of elastically scattered neutron intensity 
obtained in SANS experiments for the nematic micellar 
solution of CPCl/Hex/D20 (4 = 35.2%) under shear: (a) 1' = 
0.75 s-l; (b) 1' = 250 s-l. The arrow indicates the direction of 
flow. The SANS data were obtained at a neutron wavelength 
1 = 6.29 A on a two-dimensional detector (using 128 x 128 
elements) located at 2 m from the shearing device. The 
contour intensities are 600, 1200, 1800, and 2400 for both 
spectra (arbitrary units). 
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Figure 6. Variation of the radially integrated neutron 
intensity as function of the azimuthal angle y j  for the 4 = 
35.2% CPCl/Hex solutions submitted to shear. Both intensities 
refer to the same 2D spectra shown in Figure 5 .  This neutron 
intensity Z(yj) is then utilized-in eq 4 to  compute the spatially 
averaged order parameter P2 of the nematic phase under 
shear. The data shown here for 1' = 0.75 s-l and 1' = 250 s-l 
correspond to Pz values of 0.47 and 0.71, respectively. 

addition, the width of the crescents in the QII direction 
is directly connected to  the distribution function of the 
nematic director with respect to the_ flow, and hence to 
the orientational order parameter Pa. 

When passing from 0.75 (Figure 5a) to 250 s-l (Figure 
5b), this width decreases noticeably. The effect is still 
better evidenced in Figure 6 where, for the two spectra 
reported above, the data are analyzed in terms of the 
angular distribution of the scattered intensity. At 
constant azimuthal angle I,O, the neutron counts were 
integrated on momentum transfer around the maximum 
scattering (at Qm) on a width AQ = f0.02 A-1 and 
plotted versus v.  AQ was taken to correspond typically 

to the half-width at half of the maximum scattering in 
the I direction. 

The neutron measurements could be performed only 
under shear and in the steady state. Time-resolved 
experiments for instance on the transient regime of 
shearing or on the dynamics of the band textures were 
not carried out. The reason is that acceptable signal- 
to-noise ratios for the structure factor of these concen- 
trated solutions are achieved with measuring times of 
about -10 min. This is indeed much longer than the 
time required for the band textures to  evolve &er 
cessation of flow (see Figure 4). Therefore, the texture 
relaxations were not investigated by means of neutron 
scattering. However, the high p range (domain 111, ppresh 
> 50 s-l) characterized by the absence of band texture 
on the micrometer scale, has been tested with respect 
to neutron scattering. A nematic living polymer solu- 
tion at 4 = 35.2% was first presheared at 65 s-l well 
into the steady state regime ( y ( t )  >> yodent). Neutron 
spectra were recorded under shear and at rest after 
cessation of the shear flow each -8 min over a total time 
of 2 h. Surprisingly, after cessation of the flow, the 
neutron spectra remained unchanged within experi- 
mental accuracy, moreover, with an order parameter 
identical during and after the shearing period. 

In order _to proceed more quantitatively, the order 
parameter P Z  = (l/2(3 cos2 I# - 1)) of the nematic phase 
(that is, the second-order moment of the orientation- 
al distribution function) is calculated in the next sec- 
tion using a novel technique recently developed by 
Deutsch.28 

111. Analysis and Discussion 
When subjected to a steady shear, the nematic phase 

of wormlike micelles behaves very similarly to liquid 
crystalline polymers. It should be kept in mind that 
the elementary objects in these phases are large cylin- 
drical aggregates of amphiphilic molecules with lateral 
dimensions of 40 A. After a transient regime estimated 
at yorient = 220 units of strain (independent of p), the 
shear stress reaches its equilibrium value at dt) 
profiles have been found to resemble closely those 
obtained by Moldenaers et all2 on poly(benzy1 glutamate) 
solutions (a complete report of this regime can be found 
in ref 26). As a first attempt to understand the complex 
flow behavior of these liquid crystalline phases, it is 
probably more enlightening to  emphasize some crucial 
properties, such as the time dependence of the band 
textures and the orientational ordering driven by strong 
shearing fields. A comparison with LCPs will be also 
made. 

Time Dependence of the Band Texture. As 
revealed by the rheo-optical measurements, striped 
textured develop during the shearing, with an aniso- 
tropy oriented in the direction of flow. After cessation 
of shear, band textures, now perpendicular to flow 
direction are clearly identified under crossed polarizers. 
As for LCP's, a so-called incubation time is needed for 
them to appear. This incubation time is found to vary 
as -ppresh2, a dependence which is much stronger than 
that reported for LCP's (see e.g. ref 19). In addition, 
the time variation of the average band spacing a could 
be determined. As illustrated in Figure 4, a(t)  increases 
with time a t  all preshearing rates below 50 s-l. It 
should be noted that similar qualitative a(t) variations 
were also obtained using an image analysis of the shear- 
induced textures on PBLG polymeric  solution^.^^ 

A theory however exists, which provides some clear 
predictions for textured materials.21 As emphasized in 
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the Introduction, Larson and Doi proposed recently a 
mesoscopic domain theory based on the scaling argu- 
ments of M a r r ~ c c i . ~ ~  Dimensional reasoning led these 
authors to postulate a differential equation for the time 
and shear rate evolutions of the textures: 

Macromolecules, Vol. 28, No. 5, 1995 

Here, L l/a2 is the total length of defect (or 
disclination) lines per unit volume for a nematic sample 
sheared at p and characterized by the Frank elastic 
constant K and the viscosity 17 (a and /? are dimension- 
less constants). Two asymptotic behaviors of eq 2 are 
of interest for the present analysis. (i) The steady state 
shearing yields a p-1/2 dependence of the texture length 
scale (as already pointed out in eq 1). (ii) After cessation 
of flow (i.e. ? = 0 in eq 21, the texture is expected to 
coarsen according to 

where a0 denotes the mean texture size at time t = 0. 
Equation 3 has been tested against the band spacing 
data obtained for the CPCVHex nematic phase of Figure 
4. In the low shear rate range (domain I, ppresh < 5 s-'), 
eq 3 was found to be appropriate and to  account well 
for the 5 s-l data. Actually, the band spacings a for 
preshearing rates ypresh = 0.5, 1, and 5 s-l are found to 
be superimposed on each other, and thus to obey eq 3 
(only the incubation times are different between these 
three measurements). The full line in Figure 4 results 
from best fit calculations using a0 = 12 pm and ,8KI1;1= 
(1 f 0.1) x m2 s-l. TakingP = lp3 and q = 5 Pa 
s (see Figure 2), one gets for the Frank elastic constant 
K = 5 x N, a value comparable to  that of LCP'S.~O 
At a higher shear rate (in the domain 111, however, eq 
3 fails to describe the a(t) evolution. At the early stages 
of the growth, a varies much faster than eq 3. This 
result is not surprising since, as suggested by Larson 
and Doi, eq 3 should be valid for simple shearing flow 
in the Newtonian regime only (i.e. @ = 9; see Figure 2). 
In analogy to LCP's, we interpret the occurrence of band 
textures in the nematic living polymers afier cessation 
of the shearing as resulting from a relaxation mecha- 
nism most probably associated with the defects pro- 
duced by the flow. 

Orientational Monodomain at High Shear Rate 
(&,re& > 50 s-l, Domain HI). In order to proceed more 
quantitatively in the interpretation of the SANS spectra, 
the order parameter Pp averaged over the textures in 
the nematic phase has been determined from the 
intensity distribution I ( q )  according to a novel technique 
developed by Deutsch.28 Deutsch was able to derive 
analytic expressions relating, e.g., the second- and 
fourth-order parameters, the average tilt angle to the 
intensity I ( q )  measured experimentally using neutron 
or X-ray scattering. 

As provided in ref 28, Pp reads 

In[-]} cos I) d q  (4) 

Here, N = J;"I(q) d+ is a normalizing constant. It 
should be emphasized that eq 4 was initially derived 
for a uniaxial distribution of molecules about the 
nematic director, Le. for untextured materials. How- 
ever, as already mentioned, the mesoscopic textures 
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Figure 7. Variation of the order parameter & of nematic 
phases of CPCVHex wormlike micelles as calculated from 2D- 
SANS spectra. The different labels denote different hexanol 
concentrations, the total surfactant concentration 4 remaining 
identical, 4 = 35.2%: hex = 3.5% (squares), 4.3% (open circles), 
and 5 . 3 3  (closed circles). Above the critical shear rate, pc = 
50 s-l, PZ saturates around -0.7. Insert: time evolution of 
the order parameter for a nematic sample having been 
presheared at 65 s-l. 

seem to be absent from solutions sheared above the 
critical shear rate y ,  = 50 s-l, and consequently, eq 4 
is appropriate to describe the state of nematic orienta- 
tion in this range. In order to keep a consistent picture 
for the whole range in shear rates, we simply agsume 
eq 4 to be valid below pc.29 The order parameter Pp was 
thus systematically calculated according to eq 4 as a 
function of shear rate y for the three different nematic 
samples at 4 = 35.2% (only the hexanol concentration 
was allowed to change, from 3.5 to 5.2%). In Figure 7 
where Pp is plotted versus y ,  an overall behavior is 
obtained. At lower shear rate (e.g.-Figure 5a), the 
textured nematic is characterized by Pp values -0.45- 
0.5 As shearing slightly increases, Pp increases notice- 
ably and saturates around -0.7 for p > 50 s-l. Al- 
though plotted differently, the behavior displayed in 
Figure 7 resembles strongly that of the steady-state 
birefringence obtained by Hongladarom et al. on PBLG 
solutions at 13% and 20%.30 Above a transition rate, 
for these LCP solutions, a ?-independent plateau of the 
birefringence is observed, which corresponds roughly to 
90% of the monodomain value.30 

The insert of Figure-7 exhibits the time evolution of 
the order parameter PZ in the experiments described 
in the previous section. After being presheared a t  65 
s-l, neutron spe_ctra were recorded each -8 min over 2 
h. As a result, P2 is found to be constant at 0.7 during 
and after the shearing period. This is not the case when 
similar experiments are carried out in domains I and 
I1 (here, the spectra in the steady state and at rest are 
noticeably different). Note that the slight increase at t 
= 0 (at which the Couette cellbas been stopped) is less 
than the uncertainty in the Pp determination (f2%). 
Confirming the absence of texture relaxations seen by 
optical microscopy in this p range (domain 111), this 
result suggests that once sheared above pc = 50 s-l, the 
nematic solution forms an orientational monodomain. 
This monodomain, moreover, seems to be remarkably 
stable. 

The neutron data deserve additional comments. In 
the experimental configuration of the PAXY instrument 
at the Laboratoire Ikon Brillouin, the neutrons (d = 6.29 
A) provide information on the nematic arrangement of 
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the polymer-like chains on a 100 A scale. However, the 
intensity received on the detector is the response 
averaged over a scale which is much larger, typically 
given by the section of the incoming neutron beam (0.5 
cm2). It is thus integrated over the textures seen by 
optical microscopy at rest or under shear. Therefore, 
in the steady state, at least three contributions have to 
be considered for the orientational distribution function 
experienced by neutron scattering. In other words, in 
a steady shear experiment at low gradient (p = 1 s-l), 
the broadening of the crescent-like peaks along the 
equatorial arcs (Figure 6) is due to (i) the thermal 
fluctuations of the polymer chains within an oriented 
domain with a given director, (ii) the distribution of 
director orientations of the domains in the striped 
texture regime, and (iii) defects or disclinations pro- 
duced by the flow. The first contribution can be related 
to the order parameter of a uniformly oriented mono- 
domain, whereas the second one refers to a mesoscopic 
order parameter associated with the polydomain tex- 
tures. In the present neutron experiments a t  low shear 
rate, p 50 s-l, it is clear that we cannot identify any 
of these three contributions separately. This is not the 
case for domain I11 of shearing where both rheo-optical 
and neutron data suggest that no texture relaxation 
occurs after cessation_of the flow. Here, the PZ data 
received from eq 4 (Pz - 0.7) can be interpreted as 
arising from an orientational monodomain of wormlike 
micelles. It can then be assumed that the thermal 
fluctuations related to the micellar flexibility are then 
only contributing to the order parameter of the nematic 
phase. 

IV. Concluding Remarks 
Combining viscoelastic, rheo-optical measurements, 

and small-angle neutron scattering under shear on 
nematic solutions of living polymers, we have shown 
that the orientation and texture properties of these 
systems bear strong similarities to those of liquid 
crystalline polymers. 

As remarkable features, there are the following. 
(a) In a simple shear experiment, the steady state is 

obtained for a given deformation yorient = 220 & 20, 
independent of the shear gradient applied. In other 
words, this means that 220 strain units are necessary 
for a solution of nematic living polymers to forget its 
own shear history. 

(b) After cessation of the flow, band textures appear 
perpendicular to the flow direction, indicating a modu- 
lation of the director orientation. As for LCP’s, these 
textures are interpreted in terms of relaxation of the 
Frank distorsional energy accumulated during the flow. 

(c) With increasing shear rates, the order parameter 
& of the nematic phase (determined from bidimensional 
neutron spectra) increases from 0.45 at low gradients 
and then saturates a t  0.7 above 50 s-l. This approach 
in terms of order parameter demonstrates that worm- 
like micelles in their nematic state are easily aligned 
with respect to  the flow. 

Two additional features have been discussed in detail, 
the time dependence of the band texture after cessation 
of flow and the existence of an orientational and stable 
monodomain for solutions sheared above a critical rate, 
pc = 50 s-l. For the former point, moreover, we 
demonstrate that the time evolution of the band spacing 
a is in agreement with recent theoretical predictions 
made by Larson and Doi for textured materials, i.e. a2(t) - t .  For the later point, however, there remains an 
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open question. According to eq 1, the average size of 
the domains in the steady state decreases with increas- 
ing p (as a - 9-l”). Such an expectation seems to 
disagree with the existence of an orientational mono- 
domain (which can be seen as a divergence of a )  induced 
by strong shearing, as revealed by rheo-optical and 
SANS experiments. In order to  have more insight on 
the complex flow and orientation behaviors of the 
nematic living polymers, time-resolved X-ray and neu- 
tron scattering experiments should be very helpful. 
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