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ABSTRACT: A moderate magnetic field is used to align a polydomain, nematic sample of 16 wt 96 poly- 
(y-benzyl L-glutamate) (PBLG) in deuterated NJV-dimethylformamide (d-DMF) orthogonal to a small-angle 
neutron scattering beam. The temporal evolution of the resultant domain alignment is analyzed through a 
molecular model for the scattering and a mean-field mechanical model. The latter includes both the viscous 
and elastic responses of the defect texture, which is responsible for the polydomain mesophase. The effective 
structure factor for the nematic phase is extracted from the SANS measurements, showing a reduction in 
scattering intensity that is presumed to arise from excluded volume interactions. We also extract a texture 
elasticity of 5 X lo-' dynes for a texture size of =3 pm from the steady-state alignment, and a shear viscosity 
of 28 P a  s a t  a characteristic shear rate of =2 X 104 s-* from the long-time temporal response. The latter 
is over 20 times the measured nematic viscosity and suggests a possible influence of the texture on the very 
low shear viscosity. The short-time temporal response is found to  be in good agreement with predictions from 
nematodynamics. 

I. Introduction 
The viscoelastic response and architecture of the defect 

texture resident in lyotropic liquid crystalline polymers 
(LCPs) control aspects of the processing and final product 
performance of materials based on LCPs.' As opposed to 
the well-developed molecular theories for rheology and 
the structure of unidomain nematics of rodlike 
the supramolecular architecture and viscoelastic response 
of the defect texture are largely beyond prediction, 
although recent efforts at understanding this texture have 
been fruitful.6-ll Necessary information includes a mo- 
lecular description of the nematic fluid structure inside 
the "domain" (defined as a region of relatively uniform 
molecular alignment), a description of the topology and 
molecular disalignment in the core of the defects, and a 
theory or understanding of how the structure of this defect 
texture and the fluid's rheology are coupled.12 In an 
attempt to provide clues for the first and third of these 
mysteries we have applied an old idea, magnetic alignment 
of the liquid crystal, with small-angle neutron scattering 
(SANS), to probe the dynamics of the defect texture. The 
work to be presented here is novel in that we operate a t  
a magnetic field strength below that which is required to 
uniformly align the LCP, but just sufficient to slowly order 
the polydomain architecture without altering the defect 
texture itself. As the length scales probed by SANS are 
smaller than the characteristic size of the uniform fluid 
inside the defect texture, comparison of the SANS data 
with molecular models for the scattering yields information 
about the nematic structure inside the domains. Through 
the use of mean-field mechanism models, we are able to 
extract both the elasticity of the defect network and the 
characteristic fluid viscosity from the temporal evolution 
of the order parameter determined through SANS mea- 
surements. 

11. Experimental Section 
The polymer used in this study was purchased from Sigma 

Chemical Co. (Lot No. 109 F5501) and used without modification. 
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The manufacturer provides a molecular weight of 235000 
determined by LALLS. This corresponds to a rod length of 160 
nm based on a monomer molecular weight of 219 and length of 
0.15 nm. N,N-Dimethylformamide was used as a solvent because 
of its availability in deuterated form from Cambridge Isotope 
Laboratories. Although DMF is a good, helicogenic solvent which 
limits molecular aggregation, the polymer will precipitate from 
solution in the presence of even small amounts of moisture. To 
avoid water contamination, the polymer waa dried under vacuum 
a t  50 "C overnight, all sample preparation was performed in a 
dry nitrogen atmosphere, and samples were stored over desiccant. 

A 15.8 wt % solution of PBLG in d-DMF was prepared by 
diluting a 30 wt '76 sample of PBLG in d-DMF. SANS 
experiments on the 30 wt % sample exhibited no aggregation, 
so the sample was diluted for use in this study. Samples were 
equilibrated a t  least 1 week prior to loading into SANS cells, 
which consisted of two quartz windows separated by a 1 mm 
thick brass spacer and enclosed in an aluminum holder. SANS 
experiments were performed on the 30 m instrument a t  NIST 
with the impinging neutron beam perpendicular to both the 
magnetic field and sample surface. All experiments were 
performed at 30 OC with an electromagnet providing a maximum 
1 T field. Most of the temporal alignment experiments were 
performed with a neutron wavelength of 6 A and a spread of 
34.3 % ; otherwise a wavelength of 5 A with a spread of 14.7 95 was 
used to more accurately determine absolute scattering properties, 
background corrections, and terminal alignment. 

Rheological properties of the solutions were measured using 
a Bohlin controlled stress rheometer with cone and plate 
geometry. Texture size was determined through polarized 
microscopy on a drop of sample between a slide and coverslip. 
The characteristic texture size was determined by directly 
measuring the average traversal length from the photographs.13 

111. Theory and Modeling 
Following the suggestions in Kalus et a1.,I4 the scattering 

from suspensions of rods was simplified to extract 
information abou t  the correlations in  center of mass and 
orientation fluctuations. The basic assumptions applied 
t o  the exact model are as follows. 

The orientation of a rod is decoupled from all other 
particles, for all separations. Therefore, 

where F is the single rod scattering function, e is the 
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scattering vector for rod j ,  and uj is the orientation vector 
along the rod axis. 

The center of mass pair correlation depends only on 
the relative distance Irl of separation. 

The particles are monodisperse in shape and scattering 
length density. 

These assumptions lead to 

I(q) = c4v,(AP)2[ms)) + (F(s))2 W l  (2) 

Here, C accounts for instrument factors, 4 is the volume 
fraction of rods of volume V,, and Ap is the scattering 
length density difference between rods and solvent. The 
function h(q) characterizes the center of mass correlations 
between rods. 

For particles that are strongly correlated orientationally, 
such that the nearest neighbors are nearly aligned, the 
second term is modified by replacing 

(F(s) ) 2  - (J?s)) (3) 

which is exact in the limit of complete alignment. Thus, 

(4) 

where Seff(q) is defined as the effective structure factor. 
As a result of these assumptions, the angular dependence 
of the scattering pattern arises totally from the form factor. 

The form factor can be calculated for long rods directly 
from relations given in van de Hulst,15 where 

I(q) = c+vp i A d 2  (F2(q)) S,&) 

F(q,u) = sin (q.uL/2)/(q-uL/2) 

The result of such a calculation for rods of length L that 
are randomly distributed with respect to orientation is 
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For the textured material investigated here we will 
assume that as the length scale of the texture (typically 
tens of micrometers) is much greater than the length scales 
probed by neutron scattering (el-100 nm), the defect 
texture itself does not contribute to the SANS intensity. 
Therefore, the form factor can be calculated as 

(F2(q))N)D (8) 

This result has been verified experimentally for PBLGi 
d-DMF systems in the dilute limit,16 which enables us to 
determine the prefactors in eq 4. 

For the nematic phase, the ensemble average requires 
a distribution of rod orientations. In this work we will use 
the Maier-Saupe t h e ~ r y , ~  which defines a reference 
potential for the excluded volume interactions between 
two rods as U,,, yielding 

1 
(6) fN(u) = - exp(m(u.n)2) 

J 

where z is the normalization constant and 

m = $J,,S,lkT 3 

3 S, = -SN:nn 2 

( 7 )  

where n is the director for the monodomain and subscript 
N denotes nematic (or molecular, to distinguish from the 
domain order parameter to follow). The solution of eq 7 
then provides a self-consistent solution for the order 
parameter and the distribution function as a function of 
UmB/k7'. The form factor for a monodomain sample 
oriented along direction n is then given by simple 
integration over this distribution. 

where subscript N denotes a nematic region and D denotes 
the domain orientations. We expect that the domains 
will be distributed about the field direction with a Gaussian 
distribution in angle as 

(9) 

where h is the field direction and ZD and mD are the 
normalization and the interaction parameters for the 
domains, in direct analogy to the Maier-Saupe distribu- 
tion. The order parameter associated with the domain 
orientation is therefore given by 

1 
ZD 

fD(n) = - exP(mD(n.h)2) 

SD = J (nn - $)f,,(n) dn 

When the form factor for the polydomain nematic fluid 
is analyzed, the total form factor, as given by eq 8 above, 
is equivalent to averaging over a hypothetical monodomain 
of broader distribution. This is obvious when one considers 
that all inter-rod interference effects are buried in S&q) 
and that the form factor contains only intra-rod effects. 
Therefore, we need to relate this effective order parameter 
back to the true order parameters for the nematic fluid 
and the polydomain texture. In the following we assume 
that each domain region is of approximately the same size. 
Then the order parameter for the entire system is given 
by 

S, = -S,:hh 3 
2 

where subscript m denotes the measured order parameter. 
The molecular, or nematic, order parameter is given by eq 
7 above and can be expressed in coordinates natural to 
each director n as 

where cos 0 = u-n and S ,  = (3/2) ( cos2 0 - 1 / 3 ) ~ .  Then, 
the domain average becomes (rotating the axis of each 
nematic-based coordinate frame into alignment with the 
Cartesian system defined by the field) 

+ orthogonal terms 
(13) 

This equation is readily integrated, as SN is a constant for 
all the domains, yielding 

S ,  = -S,:hh 3 
2 

= S N S D  (14) 
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The above constitutes proof that, for a relatively uniform 
size distribution of uniaxial nematic domains where the 
domains are distributed in auniaxial and Gaussian manner 
about the field direction, the measured order parameter 
from the form factor is indeed the product of the nematic 
and domain order parameters. This result agrees with 
that proposed by Picken et al.,” which was based on the 
more general analysis of the rotational properties of the 
irreducible tensor components of the order tensor by 
Zannoni.’a A tensorialversion ofthis result was postulated 
by Larson and Doi6 and has been used by others” to study 
nematics under shear flow: however, it is not apparent 
from either the above or the more general approach that 
the simple tensorial generalization should hold. Nonethe- 
less, for the magnetic field alignment of uniaxial domains, 
the total parameter can he deconvoluted from the domain 
contribution if the molecular or nematic order is known. 

A. Mechanical Model. The application of a magnetic 
field couples to the diamagnetic susceptibility ofthe rodlike 
PBLG macromolecules, which is positive and aligned with 
the long axis of the helix.Ig The nematic “domains” are 
anchored, however, to the defect texture and, presumably, 
tothe wallsofthecell. Theresultingcompetition between 
the elasticity of twisting the nematic and the magnetic 
torque gives rise to the concept of a nematic coherence 
length t ( H ) ,  defined in terms of the diamagnetic suscep- 
tibility x, the applied field H, and the Frank elastic 
constant K (in the one constant approximation) as2 
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K 1 / 2 1  

X E(H) = (-) H 

If the magnetic coherence length is significantly less than 
the size of a typical “domain”, then we would expect the 
nematic to form a uniformly aligned unidomain in the 
direction ofthe field-as would he the case for large applied 
fields. 

As we will show, for the system under consideration the 
field is adjusted such that the magnetic coherence length 
is approximately equal to the size of the domain. Under 
these conditions, the basic architecture of the defect 
texture is expected to he unaffected by the applied field 
other than to tend to align each individual “domain” 
preferentially along the field axis. Further, the detailed 
molecular structure inside the “domain” will he unaffected 
by the field. Therefore, the physical picture is of the 
cooperative alignment of the domains due to the torque 
induced on each domain (thought of as a rigid body). This 
torqueisresisted by theviscousnatureofthedefectridden 
fluid and the elasticity associated with the defect texture. 
The final degree of alignment will he given by a balance 
of the characteristic magnetic torque against the latter, 
while the time evolution of the order parameter charac- 
terizing the net domain alignment will he governed by the 
former. 

As the detailed architecture of the defect texture has 
not been adequately quantified such that exact calculations 
would he feasible, we pursue a more phenomenological 
approach founded in physical intuition that permits 
extraction of the two mechanical parameters of interest: 
the elastic constant and viscosity of the defect texture. 
There is significant mechanical and rhea-optical 
e ~ i d e n c e ’ ~ J ” ~ ~  for the existence of “domains”, as also 
deduced from electron mic ro~copy .~~  Although a some- 
what artificial construct, these domains, which consist of 
a characteristic length scale set hy the density of defects 
in the texture, are a useful concept for understanding the 
complex viscoelastic response of textured L C P S . ~ . ~ . ~ ~  In 
what follows. we track the evolution of an ensemble of 

e-----, 
2a0 

d 

- H  
d 

Figure 1. Nernatic’dornain”ofsizeoowithdirectornernbedded 
in H fluid of viscosity q and elasticity K,  subject to field H along 
direction h. 

domainsemhedded ina mean-field fluid withcharacteristic 
viscosity q and elastir constant (in the one-constant 
approximation) K. This will lead toanevolutionequation 
for the order parameter of the domain alignment .%At: q. 
K )  that is of the form of a driven Voigt element. 

Imaginea singledomain, which will he takenasasphere 
of radius a,,, embedded in a fluid with elasticity K and 
viscosityvhee Figure 1). Thetorqueactingon thedomain 
due to the applied field is given hy 

where 0 is the angle between the field direction and the 
nematic director. Opposing this torque will he the linear 
elasticity associated with rotating the sphere toward the 
field and distorting the elastic network. For linear elastic 
hehavior, the opposing torque will he given in terms of the 
displacement in orientation 68 as 

If only the final state of the sample were of interest, the 
resultant average angle would yield the final order 
parameter induced by the field. However, the temporal 
response will be dictated by balancing the difference 
between these two against the viscous drag on the domain. 
For Stokes flow, the frictional torque is given hy 

As the sum of the torques must he zero, we find 

P+TK=TM 

47ra: 
68 = @,x- cos(8) sin(@@ 

0 at 3 
(19) 

To track the order parameter for the domains, defined by 
eq 10, eq 19 is multiplied by cos(8) sin(@ and ensemble 
averaged. Using the standard decoupling approximation 
of Doi3 that (cos4(8)) = (1/9)(2S + 1)2 immediately yields 

as, 
at 38’- + asI, = -zsn2 + SD + 1 
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The analytical solution to this equation is obtained by 
S + (1/2)(301- l ) ,  separating variables, and defining y 

integrating to yield 

r = - d ( 3 a 2 - a + i )  d5 
2 

where the boundary condition S D ( t = o )  = 0 was used. 
Therefore, a semilog plot of the left-hand side of eq 23 
against time yields the value of the viscosity, once the 
elasticity has been determined from the final degree of 
alignment. 

Another possible interpretation of our magnetic field 
alignment experiments is provided by the equations of 
nematodynamics.2 In the more traditional experiment 
on a homogeneous nematic with wall anchoring, a torque 
balance yields 

Here, y1 is the rotational viscosity and K’ (with the prime 
to distinguish that it is derived from the above equation, 
as opposed to eq 19 above) is taken as the Frank elasticity 
in the one-constant approximation. For small displace- 
ments, the second derivative scales as =66/aO2; therefore 
we essentially recover an equation similar in form to eq 
19 above, but the physical picture is rather different. In 
the nematodynamics approach, which is constrained to 
weak gradients in director orientation, the nematic director 
is twisted by the field where the initial, anchored director 
orientation does not lie along the field direction. In the 
“domain” view presented above, the nematic fluid itself 
remains intact, but the domains themselves orient with 
the field. The major difference comes in the identification 
of the viscosity appearing in eqs 19 and 24 above. The 
domain model identifies the viscosity as that of the fluid 
consisting of defect texture and nematic fluid, while the 
nematodynamics approach clearly identifies the viscosity 
as the rotational viscosity of the nematic. We note that 
previous work by FilasZ7 used the same equation without 
Frank elasticity to successfully analyze the magnetic 
realignment of PBGidichloromethane nematic mon- 
odomains. 

To extract the nematic rotational viscosity and elasticity 
from the nematodynamic torque balance, we notice that 
the following mapping results in the same equation as eq 
19 above: 

Y1- 611 

K’ + 6K (25) 

Thus, either set of parameters may be extracted from the 
experiment depending upon the appropriate physical 
picture. 

IV. Results 
Graphical results for the observed alignment under 

magnetic fields are shown in Figure 2. As loaded (a), the 

Figure 2. Contour plots of measured scattered intensity for 16 
wt % PBLGld-DMF for (a) starting sample, (b) 10 min, (c) 20 
min, (d) 30 min, and (e) 60 min. The linear dimensions ( l / ~  of 
the box length) correspond to qL = 288. Note that the field 
direction is horizontal. 

sample is seen to exhibit a circularly symmetric pattern 
indicative of negligible domain ordering. Upon application 
of the magnetic field ordering was observed. As seen, there 
is a strong degree of order along the field direction, as 
evidenced by the “hourglass” pattern, oriented perpen- 
dicular to the field direction. The total time to steady 
alignment was approximately 1 h. These data were 
obtained by taking averages over 10 min slices for the first 
60 min, and 1 h slices thereafter. The sample was allowed 
to relax upon cessation of the field. After approximately 
3 h the sample was observed to have recovered almost to 
the isotropic pattern seen initially. 

Analysis of these patterns proceeded by attempting to 
capture the anisotropy through the form factor, as 
suggested by eq 4. However, as there is no robust method 
of estimating the full scattering intensity for such aniso- 
tropic hard rods, we proceed by using eq 4 to determine, 
experimentally, the value of Seff(q), where we use our 
previous results for dilute solutions of PBLG/d-DMF to 
fix all the experimental parameters (scattering length 
density difference, rod length, rod diameter, and incoher- 
ent background). The value of S&q) determine from this 
procedure is shown in Figure 3, where it is seen that the 
excluded volume effects reduce the scattering intensity, 
leading to S,ff(q) < 1. The consistency through all data 
sets of S,ff(q) indicates that the ansatz of no orientation- 
center-of-mass coupling is correct. Therefore, our tech- 
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Figure 3. S,ff(q) versus qL. The data correspond to the plots shown in Figure 2. The line is an empirical best fit; see text. 
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Figure 4. Plots of the azimuthal angular dependence of the scattering intensity at  qL = 80 compared to the theoretical fits, as labeled. 

nique for extracting the domain order parameter is also 
consistant and correct. For later fitting purposes, the 
function S,ff(q) = 0.13 + 0.37 tanh(qL/75) was empirically 
determined to accurately represent the data in this range. 

This then enables the precise determination of S,, the 
total or measured order parameter from the angular 
dependence of the form factor. We used the above values 
for the scattering parameters and structure factor to 
evaluate the angular dependence of the SANS patterns a t  
q = 0.5 nm-' (or qL = 80). The fits to the data are shown 

in Figure 4, and the derived order parameters are shown 
in Table 1. The resulting predictions for the intensity are  
shown in Figure 5, where the fit and measured intensities 
(Figure 2) are to be compared. The results validate the 
assumptions underlying the simplified expression, eq 4. 

To extract the domain order parameter, we use the value 
of SN = 0.8 determined from interpolation of the data of 
Abe and Toshimasa,28 which was obtained on a similar 
molecular weight polymer through the use of NMR. This 
value is very reasonable for the nematic a t  such concen- 
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Figure 5. Theoretical fits of the scattering intensity. Labels 
and dimensions are the same as in Figure 2. 

Table 1. Evolution of the Measured and Domain Order 
Parameters 

time(min) S, SD time(min) S, SD 
0 0 0 40 0.47 0.59 

10 0.22 0.28 50 0.50 0.62 
20 0.41 0.51 60 0.53 0.66 
30 0.44 0.55 480 0.56 0.70 

trations above the isotropic-nematic transition. The 
resultant domain order parameter is also shown in Table 
1. It  is clear that alignment of the domains is not complete 
under this 1 T field, which enables us to determine both 
the characteristic elastic and viscous constants from the 
above experiment. 

Balancing the field against the texture elasticity, the 
steady-state solution of eq 20 above yields 

a S D  = - 2 s D 2  + S D  + 1 (26) 

The solution for the quadratic is 

(27) 

For SD = 0.7, a i= 1, which demonstrates that the field and 
texture elasticity are comparable for this sample. From 
eq 21 the texture elasticity is calculated to be 

1 SD = q ( ( l -  a )  f 2a + 9) 

Figure 6. Plot of the left-hand side of eq 29 versus time. (0) 
are the SANS results (represented as 10 min averages). The 
dotted line is the short time or initial slope, and the solid line 
is the best fit for long times. 

The accepted value for x, the diamagnetic susceptibility, 
for PBLG in organic solvents is 6.8 (i0.7) X emu/cm3 
(on a per volume b a s i ~ l ~ t ~ ~ ) .  Calculation for the 10K 
Oersted applied field yields K/ao2 = 0.039 dynes/cm2 
(0.0039 Pa). 

In terms of the order parameter, the governing equation 
of a = 1 is 

Thus, a rather simple exponential decay is obtained for 
the ratio containing only the domain order parameter. A 
semilogarithmic plot of this relation is shown in Figure 6, 
which shows good agreement with the above relation except 
for short times. As the data are averages over 10 min 
slices, the plot shows a step representation of the results. 
As the initial sample alignment is expected to be sensitive 
to details of the domain polydispersity and other phe- 
nomena neglected in the above expressions, we choose to, 
for the moment, ignore the initial 10 min of response and 
fit only the region exhibiting the predicted linear behavior. 
The best fit line yields a value of /3 = 4.2 X 10". This 
yields a value for the viscosity of 

P O X @  
v = 6 p  

= 2 8 P a s  

Our viscosity measurements on this sample in the region 
I1 plateau showed stable values of 1.1 Pa s for shear rates 
around 1 s-l. This value for the plateau shear viscosity is 
consistent with previous on PBLG in rn-cresol if 
the differences in solvent viscosity are accounted for. Yet 
our experimentally derived viscosity from the magnetic 
alignment is significantly higher than the plateau viscosity 
of the nematic fluid. 

This viscosity may be interpreted as the rotational 
viscosity appearing in the continuum theory presented 
previously (eq 24). Using the molecular theory of Doi and 
Edwards3 for relating the nematic rotational viscosity y1 
and plateau shear viscosity, (where the subscript denotes 
the region I1 viscosity) to the order parameter enables us 
to predict this value from the measured rheology. For a 
nematic order parameter of 0.8, this yields y1 = 35 1111. 
Thus, we expect a rotational viscosity on the order of ==40 
Pas. Remembering the factor of 6 between the rotational 
viscosity (see eq 25) and the effective texture viscosity, 
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our measurement yields a value of 170 Pas for the former. 
Thus, the nematic theory predicts a rotational viscosity 
that is significantly lower than what is observed over the 
course of alignment, and hence, it is not possible to 
interpret the long-time results of our experiment directly 
in terms of the nematodynamics theory. However, if the 
picture that the nematic fluid in any ‘large” domains will 
indeed rotate and align with the field before large scale 
realignment of the domains themselves is correct, then 
the initial slope should be more representative of this 
continuum picture. The initial slope plotted in Figure 6 
yields a value of @ = 1.33 X which gives a rotational 
viscosity of 53 Pa 8. This is rather remarkable agreement 
with the above calculation, especially given the ap- 
proximations therein. Thus, the presumed picture that 
any material contained in “large” domains will initially 
rotate according to nematodynamics appears to be con- 
sistent with the measurements. However, this cannot 
account for the order of magnitude larger viscosity 
observed once this initial stage is nearly complete. 

Previous work on magnetic reorientation of initially 
aligned samples of PBG in di~hloromethane~’ observed 
excellent agreement with eq 24 without including any 
elasticity. However, for reorientations above a critical 
angle, discrepancies were found whereby the reorientation 
proceeded by a more rapid rate. This was attributed to 
the counterrotation of some fraction of the polymer, 
resulting in a yielding-like behavior and the formation of 
defects in the fluid. Our SANS results on polydomain 
samples have the opposite deviation from eq 24, suggesting 
a different physical picture, such as the rotation of entire 
domains, must dominate the alignment process. 

One possible interpretation of this increased viscosity 
is region1 hehavior,asoriginallyproposed byAsada,Onogi, 
and c o - w ~ r k e r s . ~ ~ ~ ~ ~  In region I the presence of defects is 
thought to yield a shear-thinning behavior that limits to 
the region I1 plateau as the shear stress exceeds the 
characteristic stress of the texture. In previous work the 
concept of a critical Ericksen number has been used to 
characterize the arresting of domain tumbling10J2 and to 
explain the evolution of texture in region I flows. Using 
this toobtain a characteristicshear rate for our experiment 
shows 

E r = l  

4 = 2 x 10-4 8.1. 

The onset of region I behavior 41-11 has been postulated 
to be a strong function of the polymer concentration and 
the domain size,? scaling for a particular solution as 

Therefore, using recent3I and p r e v i o u ~ ~ ~ . ~ ~  work on the 
rheology of PBLGlm-cresol nematics, the values obtained 
here for the viscosity and characteristic shear rates are at 
least inqualitative accordance withexpectation. However, 
one must be cautioned that this value of the “viscosity” 
is highly subjectto the model employedand is undoubtedly 
a transient value. Nonetheless, these results of the 
magnetic alignment experiment are provocative in that, 
subject to the above interpretation, the experiment 
demonstrates the existence of a region I rheology at 

Viscosity and Elasticity of a PBLG/d-DMF Solution 5985 

100 pm 

Figure 7. Texture of the PBLG/d-DMF solution under crossed 
polarizers at rest (no field), 

polymer concentrations significantly lower than ever 
observed in mechanical measurements. We note that 
increasing the polymer concentration to 30 w t  % results 
in a texture elasticity too stiff to be aligned by our magnetic 
field (a << l), in accordance with the above scaling. 

We have also qualitatively observed the relaxation of 
our sample upon cessation of the magnetic field. For 
recovery of the Voigt element a single exponential decay 
with characteristic time constant ap/3 is predicted. 
Therefore, the criticalrelaxation time for thedomain order 
parameter is about 2 h, over which the measured order 
parameter should drop to about S, z 0.2. Qualitatively, 
we observe that significant recovery was obtained after 2 
h, with the sample appearing fully isotropic after 8 h, in 
good agreement with the Voigt element model. 

Finally, we need to check the assumption that the 
domains remain intact during the course of alignment once 
the initial transient regime is past. Using the above 
relations wedetermine the magneticcoherence length from 
eq 15 as 

K 1/21 E(H)=(y) E 

where the value of a = 1 has been used. Thus, we ensure 
that as long as the field balances the texture elasticity, the 
domain will remain a coherent magnetic unit, validating 
our assumption. Further, the magnetic field will distort 
the nematic director in any domains significantly larger 
than the coherence length (for which 01 << 1) and, thus, 
attempt tocreate more defects. As thisrotational viscosity 
is low relative to the “texture” viscosity and the directors 
are ’pinned” by the texture, this process proceeds initially 
and should dominate the initial response of the nematic. 
The longer transient response should be dominated by 
the rotation of domains with the field, without altering 
the characteristic domain size. 

To extract the Frank elasticity K, the Characteristic 
domain size a,, was measured as 36 pm using polarized 
optical microscopy. A typical “relaxed” domain structure 
is shown in Figure 7, where the shades denote different 



5986 Wagner and Walker 

domain optical thicknesses and orientations of the nematic 
director relative to the crossed polarizers. This size is in 
agreement with typical mesophase structural sizes ob- 
served in previous studies.33 Using this value as a 
characteristic domain size, we determine that K = 5 X 

Theoretical predictions and bounds for this domain 
elasticity are available for testing this derived experimental 
value. Marrucci and Greco34 derived values for the three 
Frank elastic constants for rodlike nematics in the Maier- 
Saupe approximation. As our material will yield along 
the easiest mode, we compute an absolute lower bound 
from their work as 

dynes. 

K,, = vkTPL2M (33) 

where v is the number density of rods of length L,  and P 
and M are given in the paper for our value of the order 
parameter as P = 0.45 and M = 0.05. For our rods the 
lower bound is computed to be Klb = 0.5 X dynes. As 
an upper bound, the value of our one-constant elasticity 
should be closest to that of the weakest Frank elastic 
constant, the twist elasticity&.. Sridhar et al.29 measured 
K22 = 58.2 X dynes for a monodomain of 25.5 wt % 
solution of PBLG in dichloromethane. As the polymer 
had roughly twice the molecular weight (550K) as ours 
and is almost twice as concentrated, the scaling in eq 31 
above suggests that our system should have a value almost 
1 order of magnitude smaller-exactly as is derived from 
our measurements. 
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V. Conclusions and Summary 
We have demonstrated a new application of magnetic 

field alignment with in situ SANS to probe the dynamics 
of the defect texture and to extract the effective structure 
factor of lyotropic nematics. The simplified scattering 
description can model the data quite well and yields an 
effective structure factor that exhibits suppressed scat- 
tering, probably due to excluded volume interactions. By 
balancing the applied field to the elasticity of the defect 
texture and monitoring the gradual alignment of the 
nematic domains without coalescing the domains with high 
field strengths, we have shown how the technique can be 
used to extract the overall and domain order parameters. 
The short-time response is governed by nematodynamics, 
corresponding to alignment of the nematic fluid contained 
within domains larger than the magnetic coherence length. 
A simple mechanical balance of the texture elasticity, 
viscosity, and magnetic field coupling is able to model the 
observed long-time alignment response. The numerical 
values extracted for the domain elasticity are in agreement 
with expectations based on previous measurements and 
theory. The resolved texture viscosity suggests that even 
this relatively low concentration nematic could exhibit 
region I behavior a t  low enough shear rates-shear rates 
significantly lower than those usually probed in rheological 
experiments on LCPs. 
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