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Monte Carlo study of shear-induced alignment of cylindrical micelles in thin films
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The behavior of confined cylindrical micelle-forming surfactants under the influence of shear has been
investigated using Monte Carlo simulations. The surfactants are modeled as coarse-grained lattice polymers,
while the Monte Carlo shear flow is implemented with an externally imposed potential energy field which
induces a linear drag velocity on the surfactants. It is shown that, in the absence of shear, cylindrical micelles
confined within a monolayer coarsen gradually with Monte Carlo “tihethe persistence length of the
micelles scaling a®?4 in agreement with the scaling obtained experimentally. Under the imposition of shear,
the micelles within a monolayer align parallel to the direction of shear, as observed experimentally. Micelles
confined within thicker films also align parallel to each other with a hexagonal packing under shear, but assume
a finite tilt with respect to the velocity vector within the velocity-velocity gradient plane. We propose a
mechanism for this shear-induced alignment of micelles based on breaking up of micelles aligned perpendicu-
lar to the shear and their reformation and subsequent growth in the shear direction. It is observed that there
exists a “window” of shear rates within which such alignment occurs. A simple theory proposed to explain the
above behavior is in good agreement with simulation results. A comparison of simulated and experimental
self-diffusivities yields a physical time scale for Monte Carlo moves, which enables an assessment of the
physical shear rates employed in our Monte Carlo simulations.
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[. INTRODUCTION direction of shear9]. Definitive experimental proofs and
. T . . heories relating to the above mechanisms of alignment are
The idea of "driven” self-assembly has gained widespreéady;i 15cking. More recently, a steady shearing ahanolayer
attention and application over the last few years. The conceplt gipiock cylinders under annealing conditions has been
mvolyes using external fields such as shefar and elggtnc fieldshown to result in perfectly aligned diblock cylinders span-
to drive the molecular assembly process in a specific CoUrs@ing distances as large as centimeterdl. Such alignment
which may or may not be the direction taken in the absenc%n Surface$as Opposed to bu)k's also very important from
of the field. Of particular interest to us is the use of shear ag technological point of view since the resulting patterns
a driving force to align self-assembled polymer microstruc-have potential applications in lithography and semiconductor
tures in the direction of the shear. processing. It is not clear whether the alignment mechanism
It is well known that diblock or triblock copolymer self- in these thin films of polymers is similar to the mechanism
assemble below an order-disorder transition temperature toypothesized for the corresponding phenomena in bulk poly-
form an array of striking microphases, which usually take themers. Clearly, a molecular-level understanding of the shear-
form of spheres, cylinders, gyroids, and lamelld¢in the  induced alignment mechanism is required.
bulk. Alignment of these block copolymers, microphases us- The present study, motivated by the experimental findings
ing shear is an old observation. Several auti@rsh] have  of Ref. [14], deals with understanding the molecular-level
used oscillatory shear during annealing to align diblock co-mechanisms governing the alignment of thin films of cylin-
polymer lamellae in the parallel or transverse direction dedrical micelles under steady shear. The thin films to be ex-
pending on the magnitude of the shear. Others have demoamined in this study have thickness ranging from one to five
strated alignment of triblock copolymer cylinders in the micelle diameters. We adopt a coarse-grained lattice Monte
shear direction whereby the cylinders pack themselves in €arlo (MC) approach to model the surfactants, while the
hexagonal arrangement in the plane perpendicular to thghear is implemented by assigning a “pseudopotential” to it,
shearing directiofi6—10. Several mechanisms for the align- which is then included within the MC acceptance criteria.
ment of lamellae under shear have been proposed. Briefljsuch an approach offered us an opportunity to probe the
these include selective melting of unaligned portions of mi-relatively large length scales and long time scales involved in
crophases, annihilation of defects due to shear, and graithese phenomena, which are generally inaccessible using the
rotation due to rocking motion in the case of oscillatory more atomistic approaches like molecular and Brownian dy-
shear[5]. Substantially fewer studies have examined thenamics. Combined hydrodynamics and mean field ap-
alignment of micelles using sheft1-13. The mechanism proaches, although promising, fail to provide molecular-level
proposed to explain alignment in cylindrical domains hasinformation on the self-assembly process under si&sl
involved two steps. The first step requires break up of cylin-Even Brownian dynamics simulations of wormlike micelles
ders perpendicular to the shear, and the second step the sulidergoing shear, that have been quite successful in model-
sequent rotation and alignment of shorter cylinders along théng the micelles as a single polymer chain that can undergo

1539-3755/2004/13)/0315019)/$22.50 70031501-1 ©2004 The American Physical Society



G. ARYAAND A. Z. PANAGIOTOPOULOS PHYSICAL REVIEW E70Q, 031501(2004)

L not interact with the amphiphiles. The amphiphile sites inter-
act with each other through nearest neighbor and excluded
volume interactions with interaction energiesy, err, and

ey for the three interactions. There is only one relevant
energy parametet, defined as

1 1
€5 EHT T SETT S EHH- (1)

For the sake of convenience, we impose that-2 and all
other interactions are set to zero, as in R&¥]. The dimen-
sionless temperature is then set according etcas T
=kT/|€|, wherek is the Boltzmann constant. For the rest of
this paper, all the temperatures have been scaled as above but
the asterik has been omitted for convenience. The above
model of surfactants, though simple, captures most of the
essential features of surfactant self-assenjiily,18. The

MC simulations are performed in the canonical ensemble
using reptation movegslithering-snake algorithm[19])
which utilize a configurational bias for computational effi-
ciency[20,21.

FIG. 1. (a) Schematic of our model system showing a one- Since, theH,T, surfactant naturally forms spherical mi-
dimensional layer of cylindrical micelles confined in a slit pore, andcelles at low volume fractionep) of surfactants, we main-
(b) a cartoon of arH,T, amphiphile on a cubic latice. tain the surfactants at large volume fractids=0.5 where

they form cylindrical micelles. Using still larger volume
scissions and recombinatiofiss], provide little information  fractions led to formation of gyroid and lamellar phases. The
on the actual self-assembly of the individual surfactants thasimulation box in Fig. {a) was chosen to have a lateral
make up the micelles. In the present study, our surfactantdimension(L) much larger than the periodicity of the result-
are modeled as shortened versions of diblock copolymers. ing micelles, which is on the order of about 10 lattice units

In this paper, we first investigate the coarsening behavio(|.u.). Choosing large lateral dimensions avoids many prob-
of micelles in annealing conditions in the absence of shear. fems associated with finite-size effects. The thickness of the
is shown that the scalings obtained for the apparent kineticgm (h) was varied from 10 to 60 lattice units. Periodic
of coarseningin terms of MC “time’) match those obtained poundary conditions are used in the two lateral directions.
experimentally, thereby providing a good basis for our subgimilar to the experiments in ReffL4], the temperature dur-
sequent studies. We then examine the effect of shear on thgy annealingwith or without the shearis kept above the
micelles. It is shown that the micelles align in the directiong|ass transition temperatuf&,) but below the order-disorder
of shear through a mechanism similar to the one hypothtemperaturgTopy).
esized by Scotet al. [9]. The effect of film thickness onthe A |inear shear flow was imposed within the slit using the
alignment is also examined. Finally, we examine the extenfhethod proposed in Ref$22,23. The main idea of this
of alignment of micelles with respect to different shear ratesapproach is to assign fictitious potential energy gradient

() and temperatur€T), and show a remarkable dependenceyy, to the drag force experienced by each amphiphile site
of the quality of alignment ony and T. We explain these gjven by

trends quantitatively using a simple model.

IIl. MODEL VUg= 8oy, 2

Our model system consists of cylindrical micelles sand-
wiched between two impenetrable walls of comparablewherev, is the nonzero component of the velocity in the
width. The special case of a monolayer of these micelles iglirection and! is a friction coefficient. For a linearly varying
illustrated in Fig. 1a). Amphiphiles are modeled as & T,  shear flow, the velocity profile of the solvent is given oy
lattice surfactant on a cubic lattice with coordination number=vy where y is the shear rate ang is the coordinate per-
z=26, whereH andT refer to the head and tail sites, respec-pendicular to the slit. Apart from the usual interaction energy
tively [17]. The subscript in the above notation indicates thecontribution AU, the MC reptation moves on the am-
respective lengths of thel and T units [refer to Fig. 1b)]. phiphiles also include an additional energy term from each of
Solvent molecules are assigned to occupy single sites and dbe sites due to a contribution from shear given by
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X ) stages these defects annihilate and reduce in numbers, lead-
AUgi= | = {wdX= = {Wag(X2 = X1) () ing to larger correlations between micelles as seen in Fig.
X1 2(c).
in going from (x;,y1,21) 10 (X,,Y2,2,), Where the terny,,q In ordgr to quantify the degree of alignment and orienta-
=(y;+Y,)/2 ensures microscopic reversibility. The final ac-tion of micelles, we have computed the order parameter of
ceptance criterion for a MC move then becomes the micelles given by

N y(r) =exg2i6(r)], (5)
Pace= mln(l,ex - (AU > Audvi) kT ) (4 Wwhere we have defined to be the angle subtended by the

= normal of the micellar axis and theaxis. To calculate the

where the shear contribution has been summed dlze8  persistence length of the micelles, we have evaluated the
sites of the amphiphile. correlation between order parameters at distafri¢epart as

The acceptance criterion of E@) hence ensures that the given by(y(r) (0)). The persistence lengthis then deter-
displacements of the amphiphiles are always biased in thgined by fitting an exponential e((-p|r|/§) to the correla-
flow direction, and the “flow velocity” may be obtained as tion, as described ifi25]. Figure 3 shows this correlation
the ratio of the net displacement of molecules and the MGomputed at different times versus the distamgeNote that
“time” counted in terms of the number of MC cycl@dCC).  all correlations decay to zero at finite distances, and, more
Here, 1 MCC is defined as a cycle of attempted MC movesmportantly, the correlations persist for longer distances at
on all the surfactants within the simulation box. We havejarger times. The inset shows that the correlation lengths
demonstrated that this shearing approach provides a reasgficrease ever more slowly with time with a scalingt®* A
able approximation for shear-flow dynamics for both mona-imilar scaling is obtained whesr/2 is plotted versus time
tomics and polyatomics as long as the MC moves are chosgiot shown, wherep is the number density of defects, which
realistically[24]. We anticipate that the amphiphiles will ex- js generally proportional t¢2.
hibit reptational dynamics within the tightly bound micelles, The above scaling agrees very well with the sca"ngl/éf
and hence our choice of performing MC reptation movesphtained experimentally by Harrisaet al. [25]. These au-

seems fully justified here. thors suggest a coarsening process dominated by a defect
annihilation mechanism to be the origin for the above par-
. RESULTS AND DISCUSSION ticular scaling, which agrees well with our observations.

Hence, our simple lattice polymer model is able to reproduce
the complex coarsening mechanism obtained experimentally,
Here, we discuss the coarsening dynamics of a monolayethich provides support for the validity of our subsequent
of micelles with “time” (measured in MC cyclgsluring an-  results using shear with this highly simplified model.
nealing in the absence of shear. The simulations were con-
ducted atT=6, and the simulation box is chosen to have
dimensions oL =120 andh=10, such that the micelles form
a monolayer of cylinders within the thin film. We start with a  In order to study the effect of shear, the monolayer system
completely disordered state of the surfactants, Tex,;Topt,  with h=10 described above is now sheared while annealing
and then lower the temperature [g<T<Tgpr and record it from the disordered system shown in Fig(d2 A
the evolution of the system. The glass transition temperatureultilayer version(h up to 60 is discussed in the next sec-
of the surfactant thin filmsT,=3.5, was obtained from self- tion. Figure 2e) shows a snapshot of the sample after a short
diffusivity (Dg) vs T and internal energyl) vs T data. The time whereby some of the micelles have aligned in the di-
temperature at which the lggDs-T curve exhibited an inflec- rection of shear. Shearing the sample for longer times yields
tion point was designated dg. This value ofTy also agreed perfectly aligned micelles shown in Fig(f2 similar to the
very well with the temperature below whidh remains con- flawlessly aligned diblock cylinders in Refl4]. We have
stant with respect td, signifying extremely slow dynamics. established a simple mechanism for alignment by analyzing
The order-disorder temperature was estimated to be equal smapshots of the system at intermediate stages. Starting from
Topr=9.5. This was obtained via the calculation of the av-a disordered state, micellar structures begin to appear and
erage number off beads neighboring thend H bead coarsen with time. At the same time, micelles also elongate
(Nneighn- An inflection in Nyeigh, VersusT, whereNpgignpis by merging with nearby micelles and isolated amphiphiles. It
shown to increase witfl, was indicative ofTopt at which  is important to note that the micelles tend to grow in the
point the surfactant becomes disordered. direction of shear due to an effective increase in the transport
Figures 2a)—2(c) shows snapshots of the simulations dur- (diffusion) rates parallel to the shear as opposed to the direc-
ing this annealing process, beginning from the disorderedion perpendicular to it. This has been verified through cal-
system in Fig. 2a). Within a short time interval the micellar culation of diffusion coefficients in the two directions. Mi-
structures have taken the form of well-developed cylinderselles oriented perpendicular to the shear direction either
which intermingle with each other and have only slight ori- break apart when they become too long, or merge with other
entational correlation with each other and themselves due thmicelles in the direction of shear when they are short.
many topological defects present in the systgfig. 2b)], The mechanism of shear alignment is even more vividly
resembling the entangled state of wormlike micelles. At lateillustrated by shearing a prealigned micellar systemown

A. Annealing without shear

B. Shear-aligning mechanism
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(d) (e) (£)

FIG. 2. Top view of the micellar system at different stages during annealifig-6t Snapshotsa)—(c) show coarsening of micelles
during annealing without shear @) t=0, (b) t=0.1, and(c) t=3.5 million MC cycles. Snapshotsl)<f) show the alignment of micelles
under a shear rate @fy=0.72 in the direction of the arrow &tl) t=0, (e) t=0.28, and{f) t=1.4 million MC cycles. All snapshots show a
60X 60 l.u? region within a simulation box of dimensioihs=120 lattice units. The black and gray colored regions refer to the tail and head
sites, respectively.

in Fig. 4(@] in a direction perpendicular to its original align-
ment. Due to increased transport rates in the shear direction,
local instabilities are created within the micelles which result
in individual micelles to approach each other at intermittent
locations as shown in Fig.(4). This causes the micelles to
break up into smaller pieces as shown in Fig)4Due to the
shear, these broken micelles extend and join with existing
micelles in the direction of shear, thereby forming “bridges”
as shown in Fig. @l). The originally intact micelles now
break apart between the bridges to give rise to structures
which are now roughly oriented in the direction of shear, as
shown in Fig. 4e). The above process occurs within a very
short time. These roughly aligned micelles now take a com-
- paratively longer time to attain the almost perfectly aligned
00 '1‘0‘ ; ‘2'0* - "\?g'fijoﬁ_:a—gozﬁﬂ:; state shown in Fig. @. The orientational correlation func-
tion for the final shear-aligned sample does not decay to zero
Il within the bounds of the simulation baxot shown. The

FIG. 3. Orientational correlation between micelles as a functioncylinder diameter and the spacing between the micellar cyl-
of distance during annealing. The solid line represents the correldders also decrease sometimes with prolonged shearing, as
tion att=0 while the dashed lines represent times of 0.57, 1.130bserved in some systems experimentgflg]. It was also
1.68, 2.24, 2.79, and 3.35 million MC cycles progressing outwardobserved that the mechanism above described applied
from the origin. The inset shows the corresponding correlationequally well for the shear-induced alignment of multilayered
lengths plotted as a function of the annealing time. The dashed lineylindrical micelles. Note that such a mechanism for align-
in the inset corresponds to a power-law fitt$f ment agrees very well with that hypothesized by Sebtl.
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(d) (e) (£)

FIG. 4. Snapshots of a small simulation box wltk40 lattice units showing the evolution of a prealigned micellar system in the
presence of a shear in a direction perpendicular to the initial alignment of micellastatO, (b) t=0.005,(c) t=0.0125,(d) t=0.025,t
=0.0325, andf) t=0.25 million MC cycles, respectively. The shading format and the arrow are as in Fig. 2.

[9] for the case of alignment in triblock copolymer cylinders million MC cycles. The shear rates for each film thickness in
discussed before. The effect of shear rate and temperature &iig. 5 have been chosen to be approximately 20-30 % below
alignment is discussed later. the critical shear rate at which the systems become disor-
We also computed the orientation angle of individual am-dered. Examining the values of shear rates mentioned in Fig.
phiphiles within the state of alignment and found that thed, it may be concluded that as the films become thicker, they
molecules prefer to maintain a slight tilt with respect to thePecome more prone to disorder with respect to the magnitude
micellar axis in the direction of shear, with angles ranging®f the imposed shear rate. The reason for this is discussed in
from 90° to 85° as the shear rate is increased. This may b@&ore detail in the next section. As discussed before, the mi-
one of reasons for the reduction in diameter of the micelle&€!les corresponding to=10 adopt an orientation paraliel to

with increasing shear rate observed in the simulations. th_e velocity vector(v). Th_e micglle diametgl(d:_ll) Is .
slightly smaller than the film thickness, which gives their

cross sections a slightly elliptical appearafsee Fig. $a)].
A thicker film with h=20 is not able to accommodate a bi-
So far, we have considered only shearing of a monolayertayer of micelles with the dimensions mentioned above,
thick surfactant film. We now explore the impact of the film which results in the formation of a single layer of lamellar
thickness on the resulting structure of micelles after shearingnicelles. As the thickness is further increasechta30, the
To this end, we have conducted shear MC simulations atvalls are able to accommodate a bilayer of cylindrical mi-
several film thickness ranging frofm=10 to h=60 lattice  celles. The micelles align parallel to each other as in the
units. The lengths of the simulations were chosen to be longnonolayer case. However, they now assume a tilt of approxi-
enough to reach steady state. Due to the fact that the conmately 28° with respect to the velocity vector within the
putational requirements of the MC simulations increase drasshearing plangv-Vv), while still remaining parallel within
tically with the film thickness, we have restricted our analy-the velocity-vorticity plane(v-e). Longer simulations still
sis to only a few-micelle-thick films. The main results from yielded the same tilt angle. As the thickness is further in-
this study are summarized in Figs. 5 and 6. creased tch=40, the tilt angle decreases to about 18°, as
Figure 5 shows the isometric snapshots of the resultingeen in Fig. 5. In addition, the micellar cylinders are seen to
micelles at different film thickness after shearing them for 1pack themselves in a hexagonal fashion, with [th@ plane

C. Effect of film thickness
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enon. Extrapolating the tilt angles in Fig. 6 to much thicker
films suggests that the micelles would still assume a small
but finite tilt angle in the bulk. More extensive simulations
are needed to prove this, which are beyond the scope of this
paper.

The observed tilt in the micelles contradicts the results of
several experiments conducted in the bulk, where the block
copolymer cylinders have been demonstrated to align nearly
parallel to the velocity vector, under both shearing and ex-
tensional flows[9-11,2§. In these instances, the block co-
polymer domains were essentially “infinitely” long. On the
other hand, our results agree with the extensional flow ex-
periments of Pakulat al. [27], who observed that short co-
polymer domains are inclined at a finite angte20°) to the
velocity vector. Theoretical studies as well as nonequilibrium
molecular dynamics simulations of long hydrocarb$ag]
and wormlike micellegmodeled as polymers with variable
length) [16] in shear flow also confirm a tilting of the mo-
lecular entities with respect to the shearing direction. From
the above discussion, we maypothesizeéhat the length of
=10 and¢y=0.72,(b) h=20 and¢y=0.36,(c) h=30 andZy=0.18, the micelle is an important factor in governing its subsequent
and(d) h=40 andZy=0.12. The corona of micelles composed-bf orientation under _shear. Long micelles tend to adopt a pa_ral-
beads has been ommited for clarity. The light-gray-shaded regioff! Orientation, while short ones tend to assume an inclination
corresponds to the core of the micelles while the dark-gray regiont® the shearing direction. This difference is possibly due to

represent the cross section of micelles along the faces of the simébe fact that the lengthy micelles experience significantly
lation box. The hexagonal packing of cylinders (d) has been larger torques due to shear as compared to the short micelles.

emphasized by connecting cylinder centers via black lines. A more extensive analysis of this phenomenon as well as its
experimental verification are required.
parallel to the vorticity direction, as seen experimentally by
Tepeet al. [11]. A further increase in the thickness causes
only a minor decrement in the tilt angleefer to Fig. 6.
Finally, in order to demonstrate that the tilt phenomenon is | js important to quantify the effect of different shear
real and not an artifact of our choice of the shear rate or dugates and temperatures on the rate as well as the quality of
to finite-size effects, we conducted simulations at differentyjignment of micelles. To this end, we have performed simu-
shear rates and system sizes. It was observed that the shegfons at various values of the quantity, which character-
rate as well as the system size had an insignificant effect oyes the magnitude of the resulting shear rate, and tempera-
the tilt angle. The results for the latter case are summarizegres for then=10 system. The analysis performed here can
in the inset of Fig. 6. Hence, it may be reasonable to conpe readily extended to the case of thicker films. The results
clude that the tilt observed in the micelles is a real phenomare summarized in Fig. 7. It is observed that there exist three
0— distinct regimes. In the first regime, the shear rates are too
: i low to influence any alignment to the micelles within the
25 L l\\ ]

FIG. 5. Isometric view of the surfactant thin films after anneal-
ing them under shear &t=6 for 1 million MC cycles for(a) h

D. Effect of shear rate and temperature

time frame of our simulationg~ 1.5 million MC cycles.

\ ] The micelles simply coarsen with time without any major

changes in their orientations. Since alignment requires mi-
celles to break up into smaller chunks according to the
mechanism outlined before, the shear should be sufficiently
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strong to provide the necessary energy for micellar breakup.
In the second regime, the shear is strong enough to influence
the micelles to align within reasonable amounts of simula-
tion time. When the shear becomes too strong, it results in
micelles breaking up irreversibly, resulting in a completely
disordered system. This is the third regime, which in many
ways is similar to the disordered states obtained for
T>Topt The extent of the three regimes with respect to the
shear rate obeys an interesting temperature dependence

FIG. 6. Dependence of the alignment angle on the film thick-Which may be quantified by a phenomenological theory de-

ness. The symbols show the simulation data while the dashed lin&cribed next. _ o
are meant to guide the eye. The inset shows the alignment angle as The lower bound on the shear rate which results in align-
a function of lateral system size. ment may be estimated by noting that such alignment would
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FIG. 7. Pseudo-phase-diagram showing regions of shear align- FIG. 8. Evolution of the nematic order parameter with time at
ment as a function of temperature and shear rate. The symboffferent shear rates ai=6. The curves have been labeled with
represent simulation results showing regions of shear aligninent their corresponding shear rates.

@), regions of well-formed but unaligned micellg&), and regions

of diSOI’deI'(D). The solid and dashed lines show the analytical |CS of the System become SO SIOW that allgnment becomes

upper and lower bounds of regions where shear alignment occUitnpossible to attain.

while the region left of the dash-dotted line represents the glassy ap increase in the film thicknes®) is expected to shift

region where shear alignment does not occur. the lower bound downward and decrease the slope of the
upper bound as a result of the inverse dependeneeaofib

occur only when the shear energy term in the acceptancenh, as discussed before. Nevertheless, the qualitative nature

criteria [Eq. (1)] is of the same order of magnitude as the of the phase diagram is expected to remain unchanged. The

energetic interaction term. Since the interaction energy termabove dependence df on h explains why progressively

is proportional to|e] and the shear energy term is propor- smaller shear rates were used to align micelles in Fig. 5 as

tional to {yiower WE May then assert that the films became thicker.
. It is also instructive to describe the kinetics of shear-
 Viower = al € (6)  induced alignment with respect to the magnitude of the

shear. Figure 8 shows the nematic order parameter
is valid to the first order. Note that the constanis roughly (2 cog 6-1) plotted against time foT=6 at different shear
inversely proportional to the height of the filam), which  rates. It can be clearly seen that the initial rate of alignment
evidently arises from the teriy,,q Within the shear energy (for t< 10 000 MC cyclesincreases monotonically with the
term in Eq.(3). Also, a is clearly dependent on the micelle shear rate. However, the long-term quality of alignment,
architecture. It may be assumed for convenience hereathatyhich is reflected by the limiting value of the order param-
is independent of temperature. Equati@y along with a fit  eter, increases initially with the shear rate, whereby it reaches
parameter=0.24 seems to agree very well with the simula-its maximum, and then decreases with increasing shear rate
tion results as shown in Fig. 7. The upper bound on the shegys gisordering sets in at large shear rates. Based on the above
rate refers to the critical value of the shear rate Where theesults, we propose that the most efficient procedure for ob-
sum of the shear energy term, which is proportionat4o  taining well-aligned micelles is to begin the annealing pro-
and the interaction energy becomes equal to the energy @kss at a large shear raieut still maintainingT < Top7),
disordering, the latter being proportional Tpr. This re-  during which process the micelles align fairly rapidly with
quires that time, and then gradually bring down the shear rate so as to

improve the final quality of alignment as evident from Fig. 8.

g;yupper: b(TODT_ T), (7)
whereb is another constant similar in nature api.e., it is E. MC versus experimental shear rate
expected to be inversely proportionallicand dependent on It is instructive to obtain a rough estimate of the shear

the surfactant architecture. Again, the upper bound with rates employed in our MC simulations to align the micelles,
=0.31 agrees very well with the simulation results. Theseand compare them with the actual shear rates used in the
results suggest that the shear alignment regime is fairly broaeixperiments of Ref{14]. To this end, we need to match the
at low temperatures but diminishes linearly with increasinglength and time scales of the MC simulations to physical
temperature. At temperatures higher than the temperaturesiits of meters and seconds, respectively. The protocol con-
where the two bounds intersg@i~ 8.6), it is impossible to  sists of first obtaining an estimate of the real length of our
attain shear alignment. Also note that shear alignment dodattice surfactant, and then estimating the size of a MC cycle
not continue indefinitely as the temperature is decreased bé&y comparing the translational diffusivityDs) obtained
cause the system reaches a glassy state, whereby the dynatmrough MC simulations with that from experiments, under
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comparable conditions. The shear rate obtained from simulaates equal to and much smaller thap, We therefore be-
tions may then be quickly translated into real units df ¢  lieve that the validity of Eq.(6) would hold, though the
should be kept in mind that any such matching where a lattower bound on the shear rate characterized by the corstant
tice model is mapped onto its off-lattice and flexible versionin Eq. (6) is expected to decrease, with a severalfold increase
is bound to be crude and hence would be accurate onlin the “observation” time. Such drastic differences in the
within an order of magnitude. accessible shear rates and time scales clearly point to the
Through a comparison of the solubility data of hydrocar-apparent limitations of molecular simulations.
bons in water at a temperature of 298(#btained by Tso-
nopoulos[29]) with that computed for our lattice polymers
from their phase behavior, it is established that a sirigle We have studied the behavior of self-assembling,
bead roughly corresponds to an ethyl ud$) and a singled cylinder-forming surfactants, in both the presence and ab-
bead corresponds to an ethoxy groiiy), while a vacant sence of shear. It is shown that, in the absence of shear, the
solvent site corresponds to two water molecUyi#3. Hence, cylindrical micelles coarsen via a defect annihilation mecha-
our H,T, surfactant corresponds to the real surfactggi,, nism with a kinetic scaling af’?4 very similar to the mecha-
and the lattice unit spacing in our simulations amounts to aism and scalings observed experimentally. In the presence
length of roughly 3 A, i.e., 1 Lu=3x10°m. It may also  of shear, it is observed that the micelles align rapidly with
be established through such a comparison ¢é#a60 K. Ac-  shear through a mechanism where the micelles perpendicular
cordingly, our simulations conducted Bt 6 correspond to a to the shearing direction break up into smaller micelles, and
real temperature of 360 K. We have also calculated the selfthat these smaller micelles align and grow in the direction of
diffusivity of our surfactants in the cylindrical phase &t  shear via recombination with other micelles and individual
=0.5 and T=6 to be approximately equal tds=3.4  surfactant chains. This mechanism, responsible for the align-
X 107 l.u2/MCC. From experimental studies @Es sur-  ment of micelles, agrees very well with mechanisms previ-
factants[31] and CgE, surfactant§32], as well as molecular ously proposed for the alignment of triblock copolymer cyl-
dynamics studies on model surfactantg (33], under con- inders. It is shown that the micelles align perfectly parallel to
ditions of temperature and volume fraction similar to ourthe shearing direction for monolayer-thick films, while they
simulations, it may be established that gk, surfactant assume a tilt of 15°—30° with respect to the shearing direc-
has a self-diffusivity on the order of 1 m?/s. This sets a tion in the shearing plane for thicker films which can accom-
physical time of 3.1 107° s for our MC cycle(1 MCC) via  modate multilayered micelles. We hypothesize that this is a
comparison of the simulated and experimental diffusivities. result of the micelles being fairly short. It is demonstrated
The MC shear rates measured in our simulations=a6,  that there exists a window of shear rates within which shear
corresponding to the shear aligning regimgy  alignment takes place, and that this window decreases lin-
€(0.24,1.09 in Fig. 6, ranged from 1.8 10%MCC to early with temperature. We have also developed a simple
5.7x 10°°/MCC. Using the physical time associated with theory for predicting this domain of shear alignment on a
each MC cycle, these translate to physical shear rates rangifigmperature and shear rate plane, which agrees well with our
from 4x 10%/s (denoted byy, ) to 1.8X 10'%s. The length of ~ simulations. Finally, we performed a comparison of the shear
the MC simulation runs in this study, which were severalrates utilized in our study with those used experimentally to
million MCC, correspond to merely a few nanoseconds ofalign diblock copolymers. We conclude this study by stating
real time. On the other hand, the experimentally employedhat coarse-grained lattice models of polymers combined
shear rates needed to align the diblock copolymers in Refvith other dynamical features offer a powerful approach to
[14] were on the order of 10/s and the alignment occurredinderstanding phenomena occurring in the subcontinuum re-
over several hours. At first glance, it may seem that the congime.
clusion drawn from our previous analysis, namely, that shear
rates lower thany, do not result in any alignment of the
micelles, is violated by the experimental evidence of align- This work was supported by the N§MRSEC program
ment at small shear rates of 10/s. It should, however, béhrough the Princeton Center for Complex MaterigBant
pointed out that our analysis considered alignment onlyNo. DMR 0213706. Additional support was provided by the
within the first few nanoseconds, while the experiments spaepartment of EnerggGrant No. FG02—01ER1512&nd by
a time of several hours. Clearly, observing the samples oveACS-PRF (Grant No. 38165-ACP We also thank Paul
much larger times may show evidence of alignment at shedthaikin and Rick Register for useful discussions.

IV. CONCLUSIONS
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