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ABSTRACT 

By appropriate combination of neutron scattering techniques, it is possible to obtain 

structural information at various distances fiom a solidliquid interface and thus probe in 

some detail how the surface structures evolve into bulk structures. We have used neutron 

reflectometry (NR) with a newly developed shear cell, near surface small angle neutron 

scattering (NSSANS)  again in combination with the new shear cell, and regular small 

angle neutron scattering (SANS) with a standard Couette shear cell to probe the 

structures formed in our aqueous surfactant systems and how they react to a flow field, 

particularly in the near surface region of a solidniquid interface. We present data for a 

20mh4 aqueous solutions of 70% cetyltrimethylammonium 3,5-dichlorobenzo~te 

(abbreviated CTA3,KIBz) and 30% CTAB. This system forms a very viscoelastic 

i 

* 

solution containing long threadlike.micelles. NR only probes to a depth of about 0.5 pm 
- *  
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from the surface in these systems and clearly indicates that adsorbed onto the surface is a 

surfactant layer which is insensitive to shear. The depth probed by the NSSANS is on 

the order of 20-30 pm and is determined by the transmission of the sample, the angle of 

incidence, and the wavelength. In this region, the rods align under shear into a 

remarkably well ordered hexagonal crystal. The SANS from the Couette cell averages 

over the entire sample, so that the signal is dominated by scattering from the bulk. 

- 

While the near surface hexagonal structure is clearly visible, these data are not consistent 

with the crystal structure persisting throughout the bulk, lcading to the postulate that the 
& 

bulk structure is a two dimensional (2D) liquid where the rods align with the flow, but 

do not order in the other two dimensions. 

INTRODUCTION 

Cetyltrimethylammonium bromide (CTAB) is probably the most studied cationic 

surfactant. An aqueous solution of CTAB contains relatively small spherical micelles'. 

Upon addition of supporting electrolyte (e.g. NaBr), the micelles elongate into rodlike 

structures, also known as Debye micelles after Peter Debye who first suggested the 

rodlike micellar shape for these CTAB systems in 195 12. At high salt and surfactant 

concentrations, the solutions become extremely viscous as the rods become Iohg enough 
i 

(and concentrated enough) to overlap3, which, in analogy to polymer solutions, is usually 

referred to as the semi-dilute regime. In the late 1960's to early 1970's it was discovered 
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that addition of certain substituted aromatic salts drastically altered the rheological 

properties of CTAB s~lutions~~'*~. Not only did they become quite viscous at very low 

concentrations, but they also exhibited elastic characteristics, or viscoelastic behavior. 

In 1976 Gravsholt' showed that simply replacing the bromide counterion with one of the 

appropriate aromatic ions produced the same effect with no added salt of any kind. This 

effect is very sensitive not only to the nature of the substituent on the aromatic ring but 

also its position, with the ortho-hydroxybenzoate, and the para and rnetu-chlorobenzoate 

producing the effect while the pura and meta-hydroxy, and the ortho-chlorobenzoate do 

not. In 1986 Carver' showed that the effect was even more pronounced for the 

disubstituted chlorobenzoates (e.g. 3,5 dichlorobenzoate or 3,5ClBz). Thus the zero 

shear viscosity for example of a 20mM (1% by weight) aqueous solution of 

CTA3,5ClBz is 1200 P a q  while the same concentration of a solution of CTA2,6ClBz is 

0.001 1 Pa*sg close to that of water at 0.00102 Paos. 

Recently we have begun investigating systems of mixed surfactant (CTAB and 

CTA3,5ClBz). Even with 40% CTAB the system is still viscoelastic, at least at 

concentrations of 10 mM and above. The primary effect of small amounts of CTAB 

seems to be to increase the surface charge density on the micelles, thereby making them 

stiffer and affecting the kinetics of alignment and decay of alignment of the roils in the 

bulk under shear". In this paper we discuss structural aspects of a 20mM solution of the 
I 

mixed counterion system 70% 3,5ClBz and 30% Br- made by making the solution 14 

mh4 in CTA3,5ClBz and 6 mM in CTAB (abbreviated 70/30 CTA3,5ClBz/Br). 
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One of the main interests in surfactants which form viscoelastic solutions at low 

concentrations is in their drag reduction and lubricating properties. Clearly, the 

microscopic behavior which generates such macroscopic effects must take place near the 

surface of the fluid under flow. In this paper we characterize the micellar structures and 

orientations under flow near a quartz surface. 
- 

$ 

The first tool used in our investigation of structural effects at the solid/liquid 

interface was neutron reflectometry (NR). Neutrons were chosen both because of their 

penetrating power (allowing the beam to travel a substantial distance in the solid before 
L 

reaching the interface) and because of the large contrast obtainable between the particles 

and the solvent (by using D,O as the solvent for the protonated surfactant). This 

technique has been used successfully to study polymer thin film~''7'~ and structures of 

surfactant layers at the air-water interfa~e'~''~ for example. Reflectivity however only 

measures changes in the scattering length density (p) in the direction normal to the 

interface (dp/dz), and in our case perpendicular to the flow direction and parallel to the 

shear gradient. Near surface small-angle neutron scattering (NSSANS) ,  and bulk 

Couette S A N S  were therefore used to obtain a more complete, three dimensional (3D) 

picture of the structures formed near the interface, and to look at how they change as a 

h c t i o n  of distance from the surface. 

EXPERIMENTAL CONSIDERATIONS 

Reflectometry - NR was performed on the MIRROR instrument at the High Flux 
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Isotope Reactor (HFIR) at the Oak Ridge National Laboratory's*'6. A pyrolytic graphite 

monochromator provides an intense incident beam at a wavelength of 0.259 nm. The 

linear position sensitive detector tracks the specular and off-specular scattering in a 

horizontal plane with an instrumental resolution AQ of 0.01 mi'. Each 2D data set 

consists of a stacked series of 1D position sensitive detector (PSD) images (horizontal 

axis) of the Scattering normal to the reflection plane (QZ) as the incident angle is 

increased (vertical axis) made as the detector tracks the reflected beam in a 8:28 scan. Q 

is expressed in the familiar form 4n;sinelA. with the difference that theta is defined here 

as the angle of incidence onto the reflecting surface rather than the usual scattering 

definition of half the angle between the direct beam and the detection direction. A is of 

course the wavelength. When necessary to distinguish between this Q and the Q from 

scattering, this Q will be written as QR while the scattering Q will be written as Q, or 

identified by its direction in space (Qx, Q, 43. In reflectometry the z direction is always 

referenced as the normal to the reflection interface, whereas in SANS it is customary to 

define the coordinate system with respect to the detector with x and y defining the plane 

of the detector. In order to maintain some sort of consistency throughout this paper, 

particularly with respect to the hybrid geometry of the near surface S A N S ,  we define our 

Cartesian reference frame with respect to the S A N S  2D detector with x horizohtai, z 

vertical and y normal to the detector. The 1D reflectometry detector is defined to be in 
1 

the z direction. 

SANS/NSSANS - The Couette SANS measurements were performed at the CHRNS 
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30m S A N S  spectrometer on the NG3 beam line at the National Institute for Standards 

and Technology (NIST)". Two geometries were used, one at a sample to detector 

distance (SDD) of 10m and the other at an SDD of 5m, both using an incident neutron 

wavelength of OSnm (AAlA = 15%), yielding Q ranges of 0.05 < Q < 0.5 nm-' and 0.1 < 

Q < 0.9 nm-' respectively. The NSSANS measurements were performed on the W. C. 

Koehler 30 m SANS facility at the MFIR reactor at the Oak Ridge National Laboratory18. 

- 
I 

The SDD was 10m and the incident neutron wavelength was 0.475 nm (AAU = 5%). 
'r- 

The effective Q range was -0.37 < Q, < +0.43 m-' and 0.1 13 < Q, < 0.4 nm-' where Q 

was limited in the z direction by the sample horizon and critical angle. Collimation was 

provided by a 10 rnm source slit 6.5 m upstream from tke sample, and an effective 

sample slit of 8 mm in the horizontal direction. obtained from a circular aperture directly 

in front of the sample, and 0.5 rnm in the vertical direction, the acceptance of the cell 

itself. The S A N S  data were corrected for various background contributions and detector 

sensitivity and placed on an absolute scale in the usual f a sh i~n~~*"~ '~ .  Corrections for the 

NSSANS are rather more complex, having to account for volume effects and refkction, 

and are detailed elsewhere''. We note here only that the refraction correction, 

accounting for the incident beam bending away from the surface normal as it crosses the 

quartz solution interface and the scattered beam bending towards the surface nbrmal as it 

crosses the interface and exits the solution, makes the apparent Q, normal to the surface 
2 

(43 larger than the real, in-solution, Q:. 

Couette Cell - The cell is constructed of two concentric cylindrical pieces of quartz; 
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the micellar solutions fill the gap between the outer rotating cylinder and the inner 

stationary cylinder. Thermostating fluid (25 k 0.5 "C) circulates through the inner 

cylinder. Figure 1 shows the scattering geometry used in our experiment. As the outer 

cylinder rotates, the solutions are subjected to a laminar flow v, along the tangent to the 

cylindrical surface, and the resulting shear gradient y= 

normal to the cylindrical surface. 

is along the direction 

- A special cell was designed for the NR21. For this application the 

sample must pass through a relatively large area where the interface is perfectly flat and 

the flow well defined. Planar Couette flow was not deemed feasible and the final design 

uses Poiseuille flow instead. In order to achieve this, the solutions are pumped through a 

lmm deep trough which is covered by a slab of single crystal quartz polished flat to s8A 

roughness. The trough is l O O m m  long and 50mm wide providing a significant planar 

area with lamellar flow (see fig. 1). The flow profile in Couette flow is different from 

that in Poiseuille f lof l .  However, in this highly non-Newtonian, viscoelastic system, 

we expect the high shear gradient region next to the s f a c e  to be similar, and the bulk 

region of the Poiseuille flow is never sampled in ow experiments. Thus we feel that, to 

a first approximation, the differences can be ignored in this study. The details of the cell 

are described elsewhere2'. 

- ,  . - - -. ___ . ._ - - - - - 

\ 
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RESULTS A N D  DISCUSSION 

Figure 2 shows logarithmic grayscale maps of reflectivity data sets for our 
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20mM solution of 70130 CTA3,5ClBz /Br- in D,O for neutron contrast, with and Without 

she& (<v>-4 c d s  and <v> = 0 in the Poiseuille cell, respectively). The vertical 

angular scale has been converted to QR, the scattering vector for specular reflection and 

the horizontal scale has been converted to Qz-QP The specularly reflected beam signal is 

clearly apparent in these data sets along Qz-QR=O. The data points have been normalized 

for counting time and sample acceptance (proportional to Q and therefore QR) above the 

9 
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position of the sample horizon extrapolated onto the detector, QR > 0. The position 

where the unscattered incident beam would fall on the detictor is marked in the lower 
% 

left comer of the data sets (Qz=O). 

Obviously the shear on data shows much stronger off-specular scattering than the 

shear off data, the most prominent feature being a sweep of scattering running at roughly 

constant angle to the direct incident beam and crossing the reflected.,beam diagonally at 

QR = 0.18 mi'. As Will be seen shortly, this increased off-specular signal is due to 

small-angle scattering of the beam transmitted into the solution by shear induced 

ordering in the micellar solution as it flows past the quartz surface of the cell. ARer 

correcting for refraction, that scattered signal is at Qi = 0.16 mi'. For the purposes of a 

specular neutron reflection measurement the off-specular signal is a variable incoherent 

background and some care must be taken in subtracting it from the true speculb signal. 

In the present case the value of this signal in the region of the reflection signal (Qz- 
1 

QR=O) was obtained by extrapolating from values away from the specular applying the 

appropriate corrections for effective sample volume and refraction upon entering and 
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exiting the solution2'. 

The specular reflection coefficient for neutrons is an optical transform in the 

derivative of the scattering length density profile along the normal to the reflecting 

interface. At high specular scattering vectors Q R  and low reflectivities this transform 

may be given by the Rayleigh 

appr~ximation~J~: 

where p is the scattering length density in the medium. R(QR) is normalized so that 

WQR) = 1 for QR < Qc; 

Figure 3 shows the specular reflection signal for the surfacfant solution data sets 

presented above over the full Q R  range measured with shear off and shear on, compared 

to the reflection signal fiom a quartz slab on D20. The large excess signal at high QR in 

both surfactant data sets may be interpreted as an interference &nge arising from a thin 

layer adsorbed on the quartz surface. This fringe can be fit by the reflectivity bf a 2.5 f 

0.5 nm thick layer of surfactant adsorbed onto the quartz. Since the diameter of the 
I 

rodlike micelles is well determined and is 4.6 f 0.6 nmx and the radius therefore 2.3 * 
0.3 nm, it is clear that the adsorbed layer is not made up of full wormlike micelles as has 
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recently been reported for C,,TAB on mica or even the spherical micelles reported for 

the same system on silica26. The resolution is insufficient however to distinguish 

between a single monolayer (or hemispherical micelles) and an interdigitated bilayer as 

has been suggested for CTAB on quartz2' and which might be expected from the 

hydrophilic nature of quartz. Whatever .fhe exact structure, there is apparently no shear 
- 

t 

effect on this adsorbed layer. 

The question remains as to the origin of the one obvious shear dependent feature, 
L 

the relatively strong scattering (refraction corrected) sign& at QL = 0.16 MI-'. As with 

any charged colloidal suspension (without supporting electrolyte), bulk S A N S  from this 

solution at rest gives rise to an interaction ring of scattering8 which is at that Q (Fig. 4a). 

Under Couette shear (Fig 4b), the rods align with the flow as expected2' and the ring of 

scattering collapses into two scattering peaks in a Q, direction perpendicular to that flow. 

The fact that the rods align and that the scattering now contains two peaks in place of the 

ring does not imply of itself anything other than 3D liquid ordering collapsing into 2D 

liquid ordering. Further, while the peak height in the sheared solution is stronger than 

that of the isotropic ring of scattering in the unsheared case, it is not sufficiently so to 

account for the total absence of a scattering feature in the shear off NR data. 

Besides the two main peaks in our Couette data, there is a smaller set df peaks at 

a slightly higher Q indicating that in fact more is happening than the classical 2D liquid 
! 

alignment of the rods. The position of these secondary peaks, which have no 

corresponding ring visible in the unsheared data, is at about 1.8 times the Q of the 
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primary peaks. 1.8 is close enough to fl to make it tempting to interpret this as rods 

aligning hexagonally as has been done for the double tail cationic surfactant system of 

N-hexadecyloctyldimethylammonium bromide (C,C 16DAB)30. One must be very 

cautious of over-interpreting limited data. However, if the second peak is due to 

hexagonal ordering, that ordering would be in the plane perpendicular to the flow. 

Ideally, one should then attempt to measure the scattering with the incident beam parallel 

to the flow. 

By using the Poiseuille cell and essentially repeating the reflectometry 

experiment using a 2D SANS camera as the detector, one can access the two dimensions 

of interest in verifying the existence of a hexagonal structure. This could technically 

also be done in the standard Couette cell on S A N S  by moving the beam so that it 

traverses the cell tangentially rather than radially. While this has been done successfully 

for some polymer systems31, there are several benefits to the reflection geometry S A N S  

approach. First, if one is looking for a crystalline type structure it would be preferable 

for its axis to remain in the same orientation with respect to the incident beam 

throughout the probed volume. Assuming that under flow any structures established will 

have the flow direction as a primary axis, as is the case here, it is important to keep the 

angle between the flow direction and the incident beam constant. This is achi&ved in the 

reflection geometry by definition, while it is not in the Couette geometry (though how 
\ 

much of the scattering comes fiom the various orientations depends on a number of 

parameters - some of which are poorly controlled). Secondly, the smeared reflection and 
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the curved surface of the Couette cell make it extremely difficult to apply the corrections 

necessary for a quantitative evaluation of the structure formed. Finally, and of most 

interest to this discussion, the Poiseuille geometry limits the depth from the interface that 

is probed due to the absorptiop of neutrons by the sample itself (the macroscopic - 
absorption cross section, & - 0.9 cm-’, i;s more than an order of magnitude greater than 

the macroscopic scattering cross section XS of about 0.05 cm-I). For a neutron to enter 

f 

the solution at a grazing angle, scatter at small angle, and exit the solution back through 

the liquid-quartz interface requires it travel a fair distance ’in the sample, a distance 
% 

which increases rapidly with the depth at which the scattering event takes place. The 

depth to which the SANS “sees” then is determined by ‘the maximum path length in 

solution which in turn is determined by the absorption of the sample at the given 

wavelength and by the angle of incidence. In our system that depth is on the order of 30 

microns. Thus we have a tool which is again probing the near surface structure, albeit 

over a deeper region than probed by the reflectometry. Furthermore, this geometry will 

show directly the scattering feature responsible for the NR streak. The disadvantage to 

this method is that it is rather limited in the Q range attainable due to horizon problems, 

critical edge limitations, and interference from the reflected beam. 

In this experiment, as for the NR experiment, the incident neutron be& is 

parallel to the flow direction. Doing all the corrections, including those for volume and 
i 

refraction leads to the 2D patterns for shear on (<v> - 9 m m / s  through the cell) and 

shear off shown in Fig 5. The strongest feature in both data sets is the intense reflected 
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beam. With no shear there is little else visible, not even the isotropic scattering ring 

discussed earlier. With the shear on however, a multitude of other spots appear 

revealing not only the existence of a hexagonal structure in solution, but an oriented, 

"single crystal" hexagonal structure. 

Though difficult to view on a single scale, there are nine peaks visible in the data 

which can be hexagonally indexed as 01, 10, T1,02,11, i2 ,20 ,  OZ, and 21. The 21 

peak is extremely weak, while the relatively strong 10 and f l  peaks are partially masked 

by the horizon making both their intensity and their exact position difficult to judge. The 

angle between the 01 to 11 line and the 01 to 02 line is the same as the angle between the 

01 to 02 line and the 01 to f2 line and is 60 k 1 O ,  while the angles between the Q=O 

position and the 11 and 01 peaks and the 81 and T1 is 30 f 1 O .  This is therefore clear 

evidence for an undistorded hexagonal lattice. 

Besides the spacing of the scattering planes of 39 nm, and therefore the nearest 

neighbor separation of 45 nm, there are several other pieces of information that can be 

extracted fiom a crystal pattern such as this: Ad/d or the fluctuation in the rod spacings; 

Ar or the amount of lateral motion the rods have around their lattice position (from the 

Debye-Waller factor); the degree of orientational order (single crystal vs. powder 

pattern); and the mosaic width of the crystal giving a sense of the length scale bver 

which the rods behave as rigid objects. Of course, in this case, the mount of sample 

doing the scattering, 1% of a 0.02 ml volume (8 mm x 100 mm x 30 pm), is quite small 

I 
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and long exposure times are therefore required to obtain statistics sufficient for a 

reasonably good crystallographic analysis. Obtaining the mosaic width is particularly 

difficult here since not only are the scans of relatively short duration, but of the three 

peaks with reasonable intensity, the 01 is experimentally inaccessible and the problems 

associated with accurate intensity measqrements on the other two, the 10 and T1, have 
- 

already been pointed out. 

Measuring the radial width of the peaks gives us a AQ/Q of 2%5% FWHM 
I ?- 

leading to a Add of 27%. By analyzing the relative intensities of the peaks a Ar, of 

5.9*0.5 nm and a much less well defined Ar, of 6*2 nm are obtained. The tangential 

width of the peaks fit to Gaussians is 25kt5 O FWHM gikng the average orientational 

order over the depth probed. Finally, the best estimate for the mosaic width given the 

experimental difficulties, is on the order of 7.5*2.5 O when corrected for the angle 

between the correct rocking curve axis and the experimental one (a cos(30) correction). 

For reference, a slightly higher concentration of a slightly different CTA3,5ClBz to 

CTAB ratio, such that the two peaks of interest were not so close to the scattering 

horizon, was measured at 4.5*0.403*. 
\ 

While this structure behaves as a single crystal in terms of the scattering, albeit a 

rather poor one by normal solid crystal standards, it is rather unique and remarkable. 

The flow aligned rodlike micelles associated with the lattice positions and responsible 
: 

for the scattering are moving and there is thus a constant turnover of the rods at each of 

the lattice positions. Further, the planes responsible for the Q, diffraction spots being at 

14 



different depths from the interface are presumably, given the flow profile of the solution, 

moving at different velocities. Finally there is the point that these thermodynamically 

formed objects, are moving in a relatively stable formation, maintaining not only their 

separation distance of some eight times their diameter, but also the specific direction, 

with respect to the flow field, to their nearest fieely flowing neighbor (which, as 

mentioned above, is constantly being replaced by a different neighbor but at the same 

relative position with respect to the original micelle). 

It is thus clear that the scattering signal in the reflectometry and in the NSSANS 

are visible only because the isotropic signal collapses not only into a constant (Qx, Q3 

ring but in fact into six distinct Bragg diffraction spots. However, this crystalline 

structure is only demonstrated near the surface. While the nQ0 peak in the bulk 

Couette data is also consistent with a hexagonal structure, some more care needs to be 

given to that question which could be rephrased to ask what happens to the near surface 

hexagonal crystal structure as a fhction of distance from the interface? 

Considering the structure found near the surface, and the fact that the system is a 

solution of rods aligned parallel to the flow, only three possible scenarios for the bulk 

structure seem viable. First the crystalline order could be driven entirely by the 

hydrodynamics and electrostatics of the solution such that the oriented hexagohal 

structure persists throughout the bulk. Second, the hexagonal structure could still be 
I 

driven by the hydrodynamics and electrostatics with only the orientational constraint 

coming from the anisotropy imposed on the system by the proximity of the surface. 
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Finally, the proximity of the surface could drive the hexagonal structure directly, in 

which case the most likely structure for the bulk would be a 2D liquid. 

The first possibility can easily be disproven. In the Couette geometry, the beam 

is parallel to the shear gradient and structures in the plane perpendicular to that gradient 

are probed. When viewing a hexagonal crystal perpendicularly to the c axis (the rod 

direction), there are two different sets of planes causing Bragg diffkaction with one 

- 
I - ? 

giving rise to scattering at Qo and the other at a Q , .  Which planes are visible depends 

> on the viewing angle. The diagram in figure 6 makes it clek that in the Couette 

geometry only the GQ, peak would be visible. As mentioned earlier in reference to fig. 

4, by far the most prominent feature in the Couette data fs the peak at Qo. Thus, either 

the first peak is mainly a liquid structure factor peak fkom the bulk with the second peak 

coming from the near surface hexagonal structure, or the bulk structme is a non oriented 

hexagonal or 2D powder. If the first is the case it is difficult to conceive of there not 

being some transition region in which the structure is an unoriented hexagonal so that 

both peaks would probably contain some contribution fkom such a structure anyway. In 

the second case, since the measurement is an average through the entire sample, there 

must be some contribution to the G Q 0  peak from the oriented crystal near the surface. 

In fact, assuming a 2D powder structure in the bulk, the G Q ,  peak should be k least 3% 

stronger than the Qo peak since the gap is 1 mm and the structure is known to be oriented 
I 

to a depth of at least 30 pm (in the Couette geometry is not clear how the stationary 

interface compares to the Poiseuille interface). 

16 



In order to differentiate between these two possibilities, the easiest test is to 

assume the simplest case, that the bulk structure is a 2D powder, and verify that the data 

are consistent with that model. For this, a knowledge of how the intensity varies with Q 

is needed. All the Bragg spots in a single crystal will have the same base intensity 

attenuated by the form factor of the particle (a Q dependent term) and the Debye-Waller 

factor discussed in connection with the oriented hexagonal structure. In the 2D powder, 

every possible crystal orientation is represented by some micro-crystallite in the powder 

such that all the spots at a constant Q (Q=dQ f + Q ) appear in a single ring of 

scattering. In the Couette geometry, the beam is parallel to the plane of that ring and the 

detector is therefore perpendicular to it so that the reciprocal space ring of intensity only 

intersects the detector in two spots. Because these spots actually come from a ring there 

are two more corrections which must be made33: a multiplicity correction and a Lorentz 

correction. The multiplicity factor m, accounts for rings containing different numbers of 

Bragg peaks (m=l for rings containing 6 Bragg peaks and 2 for those containing 12) and 

the Eorentz factor for the fact that rings at higher Q “spread” their intensity over a larger 

reciprocal space ring (and therefore the average intensity per unit length of that 

reciprocal ring is inversely proportional to its circumference and therefore its Q). 

Finally, each peak has some width which is modeled as a Gaussian of full width at half 

maximum (FWHM) ui. ui itself is Q dependent and is normalized here to the width of 

the first peak such that oi = u Qi/Qo, where Qo is the Q position of the first peak and Qi 

is the Q position of the i’ peak. The scattered intensity &(Q) can then be written: 
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where the sum is over all Bragg rings. I, is a scaling factor, P(Q) is the form factor, 1/Q 

is the Lorentz correction, and Bi, is the flat incoherent background. The form factor is 

known and independent of the data as is the multiplicity factor. The incoherent 

background can be calculated from tabulated values and knowledge of the concentration 

of each element present in the system. The Q position of all the peaks are determined by 

- 
I - .3 

the first one and go as Q,, n Q , ,  2QOs 0 Q,,, 3Q0, etc. Since the data go out to a Q = 

b 

0.7 nm-' the first 10 rings were used (up to 

parameters in this equation: Qo the position of the first peak, I,, a scaling factor; u the 

Q,,). There are thus only four variable 

width of the first peak, and Ar from the Debye-Waller factor, Furthermore, the first 

three parameters are more or less fixed by the first peak. The fourth variable, Ar, could 

be fixed as well by the value fkom the NSSBaNS data. However, it is possible that the 

surface which causes the crystal to orient, also restricts the amount of motion the rods 

have, thereby making Ar smaller near the surface. It is therefore left as the only variable 

with which to fit the rest of the curve. This is a fairly rigorous test of the model. 

Fig 7 shows the results from three different fits. The important point to be made 

is that given that the first three parameters are set by the first peak, with Qo = 0.164 nm-' 

and (J = 0.025 nm-', the second peak, including its hump due to the 24, peak, 6an be fit 

quite well with a Ar of 4.1 nm (I, is 1 .O cm-' and is determined by the first peak and Ar). 
: 

However, the tail of the curve (i.e. the last 6 peaks) is completely missed. Since this 

measurement is an average of the surface and bulk structures, some of the nQ,, peak 
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should be due to the near surface crystal (which contributes nothing to any of the other 

peaks except the 2 n Q 0  peak) and therefore the calculated curve should be less intense 

at that point than the data. That would be consistent with the small value obtained for Ar 

compared to that fkom the NSSANS, but it unfortunately makes the discrepancy in the 

tail region even worse. In fact the entire tail region cannot be fit at all unless the 

requirement that the magnitude of the intensity be set by the first peak be abandoned. 

Relaxing that requirement gives a marginally reasonable fit for the entire tail region 

(peaks > 2Q0), while giving a primary peak which is far too weak. Not only is that 

physically unreasonable given the model, so is the Ar of only 2 nm required to achieve 

that fit which is far less than measured in the near sufface crystal. Finally, relaxing the 

requirement that o be determined by the fmt peak gives a near perfect fit in the tail for u 

= 0.1 nm-’ and Ar = 1 nm, while leaving no peak in the calculated curve whatsoever. 

The unreasonableness of the fit is even greater than previously for the same reasons. 

Thus, despite the “single crystal” behavior near the surface, the weight of the evidence 

for this system is against the bulk solution hexagonal structure postulated for the 

C,C,,DAB systemM. This would indicate that the surface is the driving force for the 

hexagonal ordering rather than just a wall condition which forces the hexagon to become 

oriented in its proximity. i 

! 
The picture that emerges then, is of a near surface oriented hexagonal crystal 

going eventually to no crystalline order in the bulk. The most realistic model for the 

metamorphosis would be a gradual evolution fkom very ordered and oriented to ordered 
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without orientation to no order rather than a sudden mutation from crystalline to non- 

crystalline. This idea is supported by the existence of a distinct shoulder on the G Q 0  

peak at 24,. The intensity necessary for the 24, peak to be so pronounced implies a 

Bragg reflection rather than a liquid peak. Such a reflection would be impossible as 

noted earlier without the crystal rotating 30" (and thus giving rise to a 2D powder). 

Further, there is some evidence in the NR data for some very weak secondary fringes at 

low QR. While work continues in this area, the preliminary suggestion is that there may 

- 
f 

-+ 
be a few low contrast layers strongly correlated with the skkce.  One possible 

interpretation is that the frrst plane of the hexagon is pinned by the surface and therefore 

very well correlated with it, though it appears that hexakon may also be somewhat 

modified by the adjacent surface. 

CONCLUSION 

We have demonstrated that by using a variety of geometries and techniques, it is 

possible to obtain a fairly comprehensive picture of structures formed under flow in the 

near surface region as well as in the bulk. In the case of our system of viscoelastic, rod 

containing, micellar solutions, we find that a single layer of surfactant is adsorbed onto 

the quartz surface and is unafTected by the application of shear. Under a flow field the 
I 

rods in the bulk appear to orient along the flow exhibiting a 2D liquid like ordering. In 

the near surface region however, the physical constraint imposed by the interface, as well 

as possible electrostatic interactions between the rods and the surface layer, force the 
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rods to align in an ordered hexagonal pattern with the c axis along the flow direction. 

The hexagonal structure decays with distance fkom the surface by losing orientational 

order, going fkom single crystal like behavior to 2D powder behavior, before going to the 

completely liquid like ordering found in the bulk. It should be noted that not all systems 

of rodlike micelles form this near surface hexagonal structure. For example, no 

hexagonal structure has yet been seen in a 20mM solution of pure CTA3,SCIBz at the 

flow rates presently attainable and depths over which we are averaging. Thus, by 

making a systematic study of appropriately chosen rod containing micellar solutions, it 

should be possible to develop a theoretical framework for understanding the interactions 

which lead to this remarkable behavior. 
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FIGURE CAPTIONS 

Fig. 1 Geometry of the SANS and NSSANS experiments. The first schematic is a top 

view of the geometry used in the Couette SANS measurements. The bottom 

schematic is a side view of the geometry used in the NSSANS measurements 

with the Poiseuille cell. The hatched areas in both cases represent the liquid 

sample. 

Fig. 2 Grayscale maps of the intensity for the reflectivity measurements from a sample 

of 20mM 70% CTA3,5ClBz/30% CTAB with the shear off (<v> = 0) and on 

(<v> - 4 cds) .  The main feature, a vertical swath of intensity at constant Qz-QR, 

is the reflected beam. The position of the direct beam is marked by a line at Q, = 

0. In the shear on case a second sweep of intensity, at a constant Qz, roughly 

parallel to the direct beam line is due to scattering from within the solution. 

Fig. 3 Reflectivity curves for the same sample as in fig. 2. The open circles are for 

shear off and the filled squares are for shear on. The open diamonds are the 

reflectivity fiom the Quartz/pure D,O interface and are shown for reference. The 

solid line is a fit to both the shear on and shear off data which gives the scattering 
I 

length density (p) profile shown by the solid line in the inset. The dashed line is 
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a fit to the D,O data with the p profile of the dashed line in the inset. 

Fig. 4 3D S A N S  surface plots for the system of fig. 2 using Couette flow. a) is the 

isotropic scattering pattern obtained with the shear off. b) is the scattering 

pattern after full alignment in the%Couette cell (nominal y = 40 Hz). Both data 

sets are on the same scale for comparison. 

- 
f - 

L 

Fig. 5 2D NSSANS surface plots for the system of fig. 2 king  Poisedle flow. The 

bottom image is with the shear off, while the top image is with the shear on (<v> 

- 9 d s ) .  Both data sets have been smoothed'kice and put on the same log 

scale for comparison. The white area in both images is the reflected beam. A 

contour plot and an indexed hexagonal grid have been superimposed on the shear 

on image as a visual aid. The incident angle in both cases is 0.26". 

Fig. 6 Diagram showing the spacing of the scattering planes available in the Couette 

geometry and for the neutron beam at 90"fiom that in the Couette geometry 

assuming the crystal orientation found by NSSANS. This clearly shows that the 

spacing of the planes doing the scattering in the Couette geometry is smaller (and 
I 

its Q bigger) than if the neutron beam were at 30" or 90" fiom its actual 

direction. The inset gives the same information in reciprocal space. The solid 
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line in the inset represents the detector plane (or Ewald “plane“) and the solid 

spheres are those spots which intersect that plane and are therefore the only 

visible ones. The dashed line is the effective detector plane assuming the crystal 

were tilted by 30°, and the cross-hatched spheres are those that would be visible 

in that case. 

Fig. 7 Plot of Intensity as a function of Q, at constant Q, = 0 of the data in fig. 4b. The 

solid l i e  is a fit to the first two peaks (effectively the first three Gaussians) with 

Qo = 0.164 nm-*, I, = 1 crn-19 (I = 0.25 mnf, and Ar = 4.1 nm (see text for details). 

The dashed line represents a fit with Qo and o set the same as previously and I, = 

3 cm” and Ar = 2 nm. The broken line (dash dot) is for the same Qo but L, = 

0.54 cm“, (I = 0.1 nm-* and Ar = 1 nm. 
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