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Shear-induced behavior in a solution of cylindrical micelles
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The structure of cylindrical aqueous micellar solutions was studied by small angle neutron scattering and
light scattering in equilibrium and under shear. In equilibrium, the micelles behave as randomly oriented, rigid
cylinders with an exponential distribution of lengths. Under an applied shear, the micelles generally align as
expected, but at a particular concentration, close to the overlap concentration, applied shear has little effect
until a threshold shear rate is reached and then only after a time delay. The results are consistent with some
aspects of recent kinetic theories for the association and breaking of micelle systems under shear flow.
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The structure of self-assembling systems and the variousamples were placed in a Couette shearing|[dglivith a 1
phases they exhibit have been the subject of much interestm gap width. In Cartesian coordinates, the intensity is mea-
over the last several yeafs]. In particular, surfactant mol- sured as a function of in the xz plane, with the neutron
ecules in aqueous solution display a rich variety of phenomPeam incident along theaxis. Under shear, the flow veloc-
ena as they self-assemble to form micelles. The size, shapl® () is in thex direction, the gradient is in thedirection,
and ordering of the micelles depend sensitively on paramf—ind hence the shear rate Is defmedyas(&_uxlay). All data
eters such as the surfactant concentration, the ionic concels"® collected as 2D Images and then cwcul_arly averaged or
tration, and the temperature. Of particular interest are théector—a}veraged dependmg on whether anisotropy was ob-
tubular-cylindrical micelles, sometimes called “living poly- served in the patterns. Static Ilg'ht scattering data were taken
mers” [2]; their diameter is nearly constant but the Iengthon the nonsheared 0.1% solutions, using a laser of wave-

may vary, and the cylinders break and reform continuously!€"9th 514 nm and a photomultiplier mounted on a goniom-

Solutions of these micelles are thus stable when subjected f§€" With the sample in a round quartz cell. All measurements

high mechanical shears and their equilibrium properties re/Vere carried out at room temperture.

cover when shear is removed. In this paper, we report sma}l Figure 1 c.ji'sp'lays daota obtajned by both SANS an_d LS_
angle neutron scatterinSANS) and light scatteringLS) rom the eqw_llbrlum 0.1% SOIlﬂtl'O” There are ‘hfee. regimes.
studies of these solutions, both in equilibrium and underar?ma"Qh re];clglme (QSOrgl nm _,prol?)ed entlrelyfwr:th %5;.
shear. At a particular concentratigmicellar volume fraction ;N erﬁ tfe hatten_lnglgl ' _(Q) arises dgcause of the finite
$=0.1%9, we find an unusual threshold. Above the thresh—eng}< °<t € m"i? es,h an intermediaQ renge (0.01

old the rod length increases with increasing shear and th8™ =Q=<0.6 nm ) w ere S(Q). varles' asQ -, corre-
rods become aligned. This finding is in contrast to thoseSpondlng to randomly oriented stiff rofiS]; and a rolloff to

found at other concentrations, for which alignment is seen o € P_orod regime due to_thelr f|_n|te radiu@%0.6 nm %).

immediate application of the shear. he |nten5|t_yS(Q) was fitted with a model of randomly
The micellar solutions were prepared by mixing the sur-oriented cylinderg5] where

factant, allylhexadecyldimethyl ammonium bromide, with an 100

equal molar amount of sodium salicylate in@[3]. The

critical micellar concentration was determined by surface

tension measurement to be approximately 0.002%, and vis-

cosity data suggest an overlap concentra@dnnear 0.15%.

Neutron scattering data were taken at micellar concentrations 50)

$=0.02%, 0.1%, and 1.0%. The measurements were per-

formed at the NG7-30m diffractometer at the NIST Cold o1 ]
Neutron Research Facility configured at a wavelengt®.5

nm and collected in a two-dimension&D) area detector. 0.01 - 1
The magnitude of the scattering wave vedpwas within a

range of 0.03 nm* to 1.5 nm ! [Q=(47/\)sin®, where Y
20 is the scattering angle For the equilibrium runs, the 0.001 001 0 ?an-l) ! 10

solutions were placed in quartz cells with a path length of 5
mm between the two flat surfaces. For the shear studies, the giG, 1. SANS(squaresand LS(circles data for the 0.1% so-
lution at equilibrium. The solid line is a fit of randomly oriented
cylinders with an average half length of 115 nm and an average
*Present address: National Institute of Standards and Technologyadius of 1.7 nm. In this logarithmic plot, the intermediate region
React E151, Gaithersburg, MD 20899. has a slope of-—1, characteristic of randomly oriented long rods.
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™ ) _ The data taken under shear were analyzed in the context
S(Q):<5(Q)|,a>:'°\f0 P(B)(FA(Q,B))sinB dB. (1)  of the formalism of Hayter and Penfo[d@]. These authors
define the probabilityp(8)=p(6,¢;P) in terms of the Pe

The factorA is a product of an instrumental constant, thedet numberP = /D, . The Pelet number is the ratio of two

concentration of surfactants, the micellar aggregation numgqmpetlng rates: thg shear raye.whm':h is the rate of the_
ber, and the square of the scattering length density contragl!'gnment of the rod in the f'OV_V dlrect_lon, _and a rar_ld_omlzmg
between the micelle and the solvent. The form factor for 4.° assumg_d to b? the rotational diffusion coefficiént,
rod of radiusa and half lengtH, and oriented in a direction he probability is given by

which is an angle3 from the vectorQ is (1—c0S2pb0) (1+SirPo cos2py)>?

F(Q,p)= 2Q! o) Ji(Qa sin) P60 P) = JoT1—sirP6 cospocosa b do) 2

(4)

- 2
Ql coB Qasing where Hayter and Penfold defingpg=tan }(8/P) through

_ _ _ _which the probability depends dh. The scattering intensity
where J;(x) is the first order Bessel function of the first i then

kind. The termp(B) is the rod orientation probability which,

in the equilibrium case, is independent@fThe bracketg ) S(Q)=(S(Q);.a)=(S(Q,¢) a)
in Eg. (1) denote an average over bothand a. For the )
length, we use the well-known exponential form for living _ f i j” ; . 2
micelles[6] given by A . d¢ . sing do(p(6,¢;P)F(Q,B)). (5
0, 1<l In Eq. (5) ¢ is the angle between the wave vec@rnd the
N(l)= Noexp(— /L), =1, € horizontal axis(x axis) of the area detector, and the relation-

ship betweerB and the polar coordinates ardis

whereN(l) is the number density of micelles of half-length
[, andl, is a lowd cutoff (minimum length value, N, is a

constant, and. is the average half-length. The data were[The two signs occur because the beam traverses the sample

fitted using Eqs(1)—(3), treatingL, Iy, No, anda as vari-  twjice in the shear cell, with the flow direction reversed in the
ables(the radiusa was averaged over a Shultz distribution yo  regions. Thus F%Q,8) is equivalent to

with a standard deviation of 25¢4Figure 1 shows that such £2(Q 3. )+F2(Q,3_).] In this formalism, the interactions
a model provides a good representation of the data over thrggstween rods, such as collisions and other effects, are not
decades oR. The fits yieldedL =115 nm and,=a=1.7  taken into account. Nevertheless, the formalism can provide

nm. a good representation of our dataDf is defined to be
Only SANS measurements were performed for the 0.02%

and 1.0% solutions. These intensities all scale with that of ksT )

the 0.1% sample, suggesting that the micelles’ stiffness Dr=m{ln(2I/a)—1.57+7[0.28— 1/In(21/a)]%}

(Q™ " behavioy and their radii are independent of the con- (7)
centration. Even though th@ range of SANS is not small

enough to probe 1/ we can still obtairL for the other two  which differs from the original Hayter-Penfold expression
samples based on the amplitude of their scattering intensity7,8] by a factora. This factor modifies the solvent viscosity
This amplitude scales aBlLa?. Sincea is nearly a constant, 7 to an “effective viscosity” a7 to include the effects of
knowingL for the ®=0.1% sample, an® for the other two interactions. Alternatively, this modification can also be seen
samples, we obtain the length=85.6 nm for the 0.02% as to chang® to a«P, while keeping the original definitions
solution and 117 nm for the 1.0% solutig@ome evidence of of D, and 7 intact, as discussed later.

C0SB. =Sind cosp cosp+co Sine. (6)

intermicellar interactions was apparent@t 0.01 nm * for Intensities from the nonequilibrium runs were fitted using
the 1.0% sample, therefore we determine the amplitude usingqgs. (2)—(7), where« is the additional variable. The fitting
only the data 0fQ>0.1 nm'%). procedure was carried out as before. For computational rea-

FIG. 2. Two-dimensional scattering patterns of the SANS data of the 0.1% solution evolving as the shear rate {frenedsétsto right,
the shear rates ane=30, 40, 65 and 80°¢). The shear flow is on the horizontal directiap=0). Above y=80 s %, the pattern changed very
little. The Q range of the patterns is from 0.15 Afn(near the beam stypo 1.2 nn* (at the corners
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T T ‘ T T TABLE I. Parameters for the 0.1% concentration micellar solu-
08 | 4 tion.
o6 | ] ysH  amm LOm  lp(m « C P
0 1.7 115 1.7 073 0
R .0 ] 40 2.27 165 49 1.75 150 0.42
i 50 2.38 222 112 205 272 1.16
t 65 2.38 210 111 2.48 2.42 1.30
02 ] 80 2.34 213 118 228 249 1.66
o[ ]
L ‘ ‘ ! ! The results for the 0.1% solution are of particular interest

0 20 40 60 80 100

here. Figure 2 displays the 2D patterns ) as a function
Shear Rate (s'l)

of shear. The novel result observed was that anisotropy due
to alignment was not evident until a threshold shear 246
s ! was reached, and then only after a time delay of 7 to 8
min after the shear was applied. Fpr-40 s ! the pattern
slowly evolves to yield more anisotropy as the shear rate
increases, but no detectable time delay was obsdBjetlo
substantial changes were seen §6¢80 s L. Figure 3 plots
sons, however, we ignored polydispersity in the radiu#/e  the anisotropy ratio 0fS(Q) as a function ofy, showing
have further assumed implicitly that the length distributioncjearly the transition at the threshold shear rate. Data taken

FIG. 3. Anisotropy ratio defined &8=[S(Q,¢=90°)—5(Q, ¢
=0°)]/S(Q,9=90°) for three differenQ values. It is striking to
see that the ratio is zero until some threshold shear~a s * is
reached. The ratio also appears to saturatg=e80 s *.

of the micelle rods isindependentof their orientations,

which greatly simplifies the analysis.
Results for the 0.02% concentrations solution under She&ghear or de|ay time. Therefore, flow |nstab|||ty or tempera-

can be fitted with the above model withof Eq. (7) set equal

from the samples at 0.02% and 1.0% at even a wider shear
rate range, however, did not display this apparent threshold

ture variation inside the sheared fluid and other external con-

to 1. We found typically that increased from the equilib- ditions as possible causes for the threshold is ruled out.

rium value of 85.6 nm to 145 nm at=100 s ! (P=0.73.

Figure 4 shows typical cuts of the datag@t0°, 55°, and

The results are consistent with those expected from a dilutgo° for applied shear rates of 40s(taken after the delay
solution, containing relatively collision-free rods; the sheartime) and 80 s§*, together with the fits according to the
flow has induced both partial orientation and length growthmodified Hayter-Penfold model. The model, with the expo-
Data from the 1% solution subjected to shear showed a disyential length distribution and parameter represents the

tinctive “butterfly” pattern in S(Q) which is not yet under-

stood and will be the subject of future work.
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data well at all shear rates. Due to the additional parameter
in the anisotropic scattering pattern, SANS can be sensitive
to a longer length scale than in the case of isotropic scatter-
ing. Table | lists the parametets, |, a, and a. The key
results are as follows(1), above the threshold shear rate,
y=40 s}, L increases to and saturates at about twice its
equilibrium value, buts remains constarithe slightly larger
value of the cylinder radius obtained from the shear data is a
consequence of neglecting the polydispersity in the later fits
and is not regarded as significant2), for shear rates above
the threshold, the factar increased to a value slightly above
2, implying a greater degree of alignment than expected from
the Hayter-Penfold theory, even allowing for an increase in
the rod lengths.

The ®=0.1% solution is sufficiently dilute that no nem-
atic order can exist in the absence of sh@amatic order
has been observed in dense solutions of similar micelles
[10,11].) For dilute solutions, however, experiments by Re-
hage, Wunderlich, and Hoffmann showed a dramatic rise in
viscosity at a critical shear raf&2]. Their results led Bruin-
smaet al.[13] to propose a kinetic theory for rodlike aggre-
gation of tubular micelles under shear. Bruinsetal. have
different solutions for the average rod length according to
regimes characterized by two parameters, thedee@umber

FIG. 4. Data from the 0.1% solution fitted using the modified P and the dimensionless concentrat@r &, L°, whered,
Hayter-Penfold formalism &), y=40 s %, just above the thresh- IS the micelle number densitjalternatively C=®(L/a)?/
old shear rate and after the delay time; &by at y=80 s *. Points ~ 27]. For C<1, they findL increases slightly with shear for
represent the data at anglesas labeled. The lines are calculated. P=1. Data from our 0.02% solution, for which
(Deviations of the data from the fits fas=0° and=55° at very  0.08<C=0.23 withP=0.78 atC=0.23, are consistent with
low Q are due to the poor resolution in) their findings. ForC=1, characterized as a fast reaction
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regime—for which many inter-rod collisions occur before aprevent the rods from being randomized again. Since most of
rod has had significant time to rotate—they find the follow-them are aligned, a collision with the neighboring micelles
ing: for P<<1, a metastable solution with a mean rod sizewill most probably kick a micelle back to the original,
L~L, the equilibrium value; foP>1, a runaway solution aligned direction. Thus a cooperative balance for both rod
for which the mean rod length diverges. For our experimentsiength increase and rod orientation will occur. The “effec-
at®=0.1%,C=0.73 at equilibrium an€>1 for the system  tjye” Péclet number in the orientational distributipEg. (4)]
under sheatTable ). If P=1 corresponds to the threshold then pecomes the ratio of the rate of collisions due to shear

shear, our results are consistent with this aspect of the theorm1US the rate plays the role of the alignment rate instead of
except that we do not observe a true divergence ofith ) 15 p | the rate of misalignment due to rotational diffu-

s?e?rhThe reason ?rt;hlftﬂlscregancy r;?aytﬁe thatdBtrhu'?S”Eon. ThusP =P (J4/y) =PC. From Eq.(7), we see that an
€t al. have assume at the rods are fiexio'e, an al %% ternative way to represent this “effective”” Blet number

combination results every time two rods collide even if NON-i. 4 Use the actua®, but with an effective solvent viscosity

collinear, while breakage is caused by the velocity gradienlt o .
DAENG - . 7e=Cm. Hence the fitting parameter used with Eq.(7)
o Lo o 12 TSR b e to the dmensoness concentratoand
in the fast reaction r()el ime the collision rgate is ver gg\i h Inmdeed they are almost identical as seen in Table |.
) gime . y hign. In summary, we have studied SANS from a system of
any case, their theory is inapplicable for a system shearig

A . ylindrical micelles subjected to various degrees of shear.
above the threshold, because their simplifying assumption or the 0.1% solution—which is just below the overlap

:}gﬁ;) Eergg“grf:éait;ogs n(tar\:;; tléngsrr 2;32 shear cannot 98 oncentration—we apparentlly have two pha_ses: a frustrated
Turner and Cate$14] also addressed 'the experimental phase when thg shear rate is low and the m!celles appear to
data of Rehaget al., but their theory assumes that the rodsbe randomly'onented, as §uggested by th? Isotropic pattern
are stiff and only C(;Ilinear collisions will result in rod com- of the scatt_erlng, and an allgned phase at higher shears, when
e . . S the scattering pattern is anisotropic. The border between the
bination, which appears to be a valid assumption in the Castvo phases is characterized by a “threshold” shear rate. The

of our system. According to their predictions, the rod Iengthinitial phase apparently flips over to the second phase after a

will sharply increase .b.Ut not diV(_arge. Thgy also p_redic?, buEime delay(7—8 min in our experimentsWe speculate that
do not calculate explicitly, an anisotropy in the or|entat|onalbeIOW the threshold shear, collisions between randomly ori-

g'(;st:gtu“?en di% ft t:fh;(égﬁol:gig: tshheezﬁ{eg:)\:\;etgez; wﬁiﬁ ?hu;hrggnted micelles, and therefore lack of collinear combination
P eactions inhibit the micelle growth and alignment, a state

length begins to increase or at which the rods begin to allgnsimilar to the metastable state Bruinsretal. described.
as observed here.

. nce the shear rate is high enough, however, an energy bar-
We may speculate on the existence of shear threshold arﬁer is overcome, so most of the micelles do indeed become

the related time delay for the micellar alignment using con-

cepts embodied in the above approaches. The dimensionle%ggned' Once the micelles are aligned, colisions tend to
concentratiorC may also be written as the ratl/y, where ep the alignment in place. It is this highly nonlinear effect

3. is the rate of collision due to she@l,= y®, L3). If C=1, of the shear-induced collisions which is responsible for the

as in the fast reaction regime and the rods are initially direcgpparent phase transition. Whether this phase transition is

tionally random, it is difficult for alignment to be established 2??8&:?etexov;llfh the overlap concentration will be the subject
due to the rapid random collisions. If the rods are stiff, rod '

combination and growth are largely inhibited. If however, a We thank S. Milner, E. Herbolzheimer, J. Penfold, and
certain degree of alignment can be established, given a sus.-H. Chen for many useful discussions. One ofMsY.L.)
ficient time or rate of sheay the probability of combination wants to thank A. Krall and D. Weitz for helping setting up
increases because collinear collisions become more probablie light scattering experiment. The NIST contribution to this
Also, after the micelles become aligned, the effect of interwork was supported in part by Air Force of Scientific Re-
micellar collision is just the opposite from before: collisions search Grant No. AFOSR-MIPR-94-0027.
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