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Nonequilibrium molecular dynamics simulation of shear-induced alignment
of amphiphilic model systems
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We study the shear-induced alignment transition from transverse to the shear plane to parallel and perpen-
dicular in a lamellar or smectics system. A recently proposed simple continuum model for amphiphiles is
studied by large-scale nonequilibrium molecular dynamics simulation. We find a shear-rate dependence of the
alignment transition under shear flow, parallel at low and perpendicular alignment at high shear rates. To
identify the alignment and degree of order of these shear-induced orientations by scattering, a 3D analysis of
the scattering data is needed.
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I. INTRODUCTION [13], who successfully followed the gradual transition from
transverse to perpendicular orientation in a lamellar phase by
The properties of amphiphilic systems such as diblockecording the SAXS spectra in the two-dimensional velocity-
copolymers and surfactants and of liquid crystals display &oriticity plane. They found that the maximum of final per-
wealth of physical phenomena of both fundamental physicalpendicular alignment peak in the SAXS spectra was seem-
biological, and technological importance. There has beeidly smaller than that of initial transverse alignment peak in
substantial work on exploring their rich equilibrium phase the spectra of their Fig.(8), indicating a somewhat reduced

behavior in the past and a very well understanding has bee#fgree of order.

achieved by today1-5]. In addition, there is much current  EXPeriments on other lamellar systems have shown the

interest in nonequilibrium behavior of these complex fluids€XiStence of parallel or perpendicular orientations as a func-

. under shearfol—12 and new phases ave been a0 0 S o7 T, e e D B L
covered. For example, Diat and Ro[&] discovered multi- Perp 9

lamellar vesicles forming under high shear in lyotropic syS_can also tra}r)sform into the parallel glignment under.certain

tems. These so-called onion phases are siill subject tshear conditions. To fl_JIIy characterize these shear-lnduced

extensive experimental research and very difficult to accesghg_nments, 3D scattering spectra are needed, V.Vh'Ch are ex-
Eerlmentally not available. In addition, the experiments can-

Eg tgeﬂgﬁfa\llv&iaen;moeﬂz;ri ?Jtirlligil?rindhg]seerﬁsasrﬁbqétc):ltotco ot provide any spacial resolution, which would be needed in
polymers, q P 1€CL 1 der to identify the underlying mechanism. Thus the details
reorientation when those systems are sheared. Similarl

smectic liquid crystals display the very same basic behavioré.gf the transverse doma_lin tilting to the perpendicular orienta-

Hence, it is desirable to have the ability to predict the orien-tIOn ano_l the mter-r_elatlon be_tween the flow, structures, and

tation <')f those lamellae. Under shear, molecules realign tcr)heologlcal properties are stllllunclear. .

the favorable(low frictioﬁal) structures' Botlex situmea- Re_c ently, some of us pu.bllshed a S|_mplg model for the
' elrfectlve large-scale simulation of amphiphilic systeh4].

surements such as transmission electron microscopy, sm )
angle x-ray scatterinSAXS), and small angle neutronp)s/cat-  the present work, we study the behavior of transverse-
9 Y ’ 9 oriented lamellar systems under shear by molecular dynam-

tering of the final state as well as scattering and flow blre-iCS simulations applying the same model. We find that de-

fringence experiments_ directly applieq under ghear have beep?ending on the shear rate one is able to identify a transition
performed. They provide a wealth of information on the pos-,

) . . : . from transverse to perpendicular or transverse to parallel.
sible shear-induced orientation transformations. On th Perp P

. . ; The paper is organized as follows: In the following section
theory S.'(.je’ Fredricksofil1] and Drole_tet al. [12] studied the simulation model and methods are briefly reviewed. This
the stability of the lamellar phase of diblock copolymers un-

der shear flow is followed by a presentation of the simulation results and
Three obvic;us orientations with respect to the shearin discussion of the findings. Thereafter, we calculate the scat-

lates can be defined: parallel with apla er normal in theQering function and discuss them in the context of the experi-
P : ) ned. p Y mental results. In the concluding remarks we summarize the
velocity gradient direction, transverse with a layer normal _~. . = :

S ) i main findings of this paper.

along the flow direction, and perpendicular with a layer nor-
mal in the vorticity direction. In the case of diblock copoly-
mers and smectic liquid crystals, th(_e lamellae of a sheared Il. MODEL AND METHODS
sample tend to order, reorder, or reorient, depending on shear
rate or frequency, into one of the above orientations. The There are several simulation studies on lamellar systems
transverse orientation certainly is most unstable upon the agmploying models for mesogenes forming smectic liquid
plication of shear. However, the dynamics from transverse terystals[15], surfactants or lipid$16] as well as block co-
more favorable orientations in a lyotropic liquid crystal sys-polymers in the lamellar phadéd7,1§ in the recent litera-
tem was not monitored directly until recently by Goleinal.  ture. However, the chosen models require typically computer
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FIG. 1. The sketch of the coordinate system and possible tran-
sition from initial transverse alignment to the parallel and the per- 2.25¢+ B=2m, (5)
pendicular orientation.

i.e., «=3.173072867 8 an@d= —0.856 228 645 44.

rescourses, which only allow to study fairly small systems,_. With this set of potentials a dimeric melAB dimers is

taking the total ber of hiohil lecul simulated with molecular dynamics method in tR&T en-
axing the total humber of amphipnilic MOIECUIES or MESO-go e The dimerA and B beads are connected by the
genes considered. In the following we briefly review the

) . o i FENE spring. They serve as a coarse grained, miniminal me-
simulation model for amphiphilic dimers introduced by somegqscqpic model of diblock copolymers or small surfactants.
of us earlier[14]. The basic ingredients of this model are Thege systems exhibit a first-order transition from a disor-
partlcles that interact through spherically symmetric potenyered to a lamellar phase at a potential depth of alput
tials. _ _ _ =1.2[14]. A nematic phase is not accessible with the choice

Like most molecular dynamicéMD) simulation all par-  of such a system as shown by Morse and Milf4].
ticles exhibit a hard core that provides an effective excluded |n the present study all our systems are taken to be at the
volume. A convenient choice for this is a Lennard-JofieB  same fixed temperatuig,T=1.0, while ¢ is slightly varied,
potential that is truncated at the minimum, and shifted,  in order to run through the order-disorder phase transition.
For simplicity, we apply standard Lennard-Jones units for the
energy and length scale with= o= 1.0 for all particles. The

a\? [a\® 1 18 simulations were carried out at constant volume at a time
U, = de vl Ty ta TS (1) step of 6t=0.01r, where 7 is the time scale given by
H 0 (=l =(a®m/€)2 For the integration of the equations of motion,
= o,

we employed a standard velocity Verlet algorithm. The over-
all monomer number density is set {o=0.85. Periodic
boundary conditions are applied in all three dimensions. Ob-
wheree, o, andr are the energy scale, the length scale, andjjoysly, such a model is a very reduced representative of the
the distance between particles. most studied case of a conformationally symmetric am-
As a minimal model for amphiphilic molecules, we only phiphilic systems such as PEE-PEPolyethylethylene-
consider dimers of different species. From polymer SimU|a-p0|yethy|ene-a|t-propy|ene' disregarding any entanglement
tiOﬂS[lg,Zq itis known that it is Computationally efficient to effect9, where the components have a small mechanical con-
link the dimers via anharmonic FENEfinitely extensible  trgst.
nonlinear elasticy springs with spring constaktand maxi- Shear is applied to the simulation systems via an extended
mum extensiorRy, version of an algorithm introduced by Mer-Plathe[22].
This algorithm is based on momentum transport within the
system to achieve a certain velocity gradient and originated

 TkR2Inl 1— r\? [<R from a nonequilibrium molecular dynamics method for ob-
Uprene= 2 <Roln Ry 0 (2)  taining thermal conductivities and Soret coefficients. The im-
" (=R portant features of this algorithm concerning our application

=10

and modifications have been explained in elsewh2ge29.
The velocity gradient in our system is given By, . The
shear viscosityy relates the momentum flux(p,) and this

The parameters for the FENE potential are chosen t& be gradient tensor via

=5 andRy=2.
In order to introduce a bias towards phase separation, like i(P)=— 7V, (6)

particles have in addition to their hard core interaction an

attractive tail in their potential. The like-particle interaction A flux like this can always be described as a transport

is simulated by adding a cosine wave to a hard core Lennardhrough a surface perpendicular to its direction within a time

Jones, and is given by interval At. In Muller-Plathe’s algorithmm the momentum
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indyced shear flow 3
<+ Qup= (Ful 5= 30,5, ©)
— Sinufafionbox
] where o« and B are Cartesian indicesj is the Kronecker
momentum: —middleslab _f = induced shear flow symbol, and® denotes a unit vector along the molecular axis.
transport In the unaxial nematic phase, the volume averag® of has
unphysical three eigenvaluesS,— S/2,— S/2), whereS>0 is the order
induced shear flow parameter and its eigenvectbis the orientation of director.
mom‘;lntl}r:lﬂow Sis zero in the isotropic state and it approaches unity for the
physic

hypothetically perfect monodomain molecular alignment.
) _ The nematic directoii is a unit vector describing the average
FIG. 2. The sketch of the shear algorithm. For details see teXlyirection along which the molecules point. For example, in
o _ the present simulation geometry, the perfect transverse
flux is imposed in an unphysical way. As illustrated in Fig. 2, |amellar phase has the only nonzero director component of
the simulation box of SiZEX, Ly, andLZ is subdivided into n,= 1, the para”e| lamellar phase has the 0n|y nonzero di-
Ns slabs along the velocity gradient directiarwith thick-  rector component ofi,=1, and the perpendicular phase has
nessAd. The middle slab at positior=L /2 and the bottom  the only nonzero director component mf=1. Note that in
slab at positiorz=0 are picked out. Both slabs have a des-the |amellar(smectio phase, especially under sheis not
ignated preferred direction of flow, e.g., the middle slab to-necessarily parallel to the layer normal! The pressure tensor
wards +x, the bottom slab towards x. In the original al-  js measured via the virial theorem by considering the conser-

gorithm one searches the two particles in both slabs, whickyative forceF contribution and the momentum distribution
move fastest against the preferred directions and exchang

their momenta. By doing so, momentui{g,) is transfered
across the system. Such exchanges are performed at a fixed 1 1
rate and the total transferred momentumAin is given by Paﬁzv<§i: miUi,an,ﬁ> + V<§.: Zﬂ Fij,a'rij,ﬁ>’
P,=2Ap,. The response of the system to this nonequilib- . (10)
rium excitation is a momentum flux into the opposite direc-
tion via a physical mechanism, the friction. In a steady statewherey; is the velocity of monomerandV is the volume of
transport and flux are equal, the simulation box. In the isotropic case the bulk pressure is
equal to one third the trace of the pressure tensor. At each
P, state point, systems are equilibrated for at least 4Q08il a
jZ(pX):ZL—LAt' (7) steady state is attained. Then the shear is introduced. All
Xy data, except th instant r nse functions to monitor th
, pt those instant response functions to monitor the

structural evolution, are calculated after the system again has
The momentum flux leads to a continuous velocity gradienteached the steady state.

in the fluid and the mean velocity of each slab is given by the
average over the particles belonging to it. Due to the trans-

. . . I1l. SIMULATION RESULTS
port of momenta the flux,(p,) is exactly known. Given a

shear rate, the shear viscosity can be derived by When the model was introduced, the general aspects were
tested in detai[14]. For the present work we first improve
= the precision in the location of the isotropic lamellar phase
X

transition point. For this we have performed a series of equi-
librium MD simulations on a system size &§=101 306
particles (50 653 amphiphilgsin a cubic box of sizeL
As described in our earlier work, we use an extended versiorr 49.212r at a number density gi=0.85"3. Initially, the
and keep a given strain rate constant by repeated intesystem is started in the disodered region at the potential
changes of momenta. For thermostating the nonequilibriundepth of =0.0 as shown in Fig. ). As we know, a first-
simulation we make use of the DPD thermostat which weorder isotropic lamellar transition occurs at the order-
have already successfully applied in our earlier simulationdisorder transition temperaturd o). Then we employ a
For details of implementation with the DPD thermostat we“quasistatic cooling” procedure in which the last configura-
refer to Ref.[23]. We should mention that our approach istion at a given¢ is used as the first configuration gt
different from that usually employed for anisotropic systems.+ A ¢ with a small increment ¢<0.1 (cf. Fig. 4) to locate
A thorough review of alternative methods can be found inthe order-disorder transition point in our model system. Fig-
Ref.[32]. ure 4 shows the overall order-parame$sand bulk pressure
The structural evolution as a function of shear rate andss ¢. At small values ofp, order parameter fluctuates around
time is monitored by snapshots of particles in the box, preszero; the system is in an isotropic state. With increasing
sure tensor, instantaneous viscosities, and by the time“cooling”) the pressure decreases linearly, wHiestays
resolved structure factor. The degree of orientational order isoughly constant. Agp=1.24, the transition occur& exhib-
measured through the symmetric, traceless Saupe tE2¥or its a sharp jump t&=0.53, accompanied by a discontinuous

1T AL LAY ®
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subject to any anisotropic stress due to the periodic boundary
conditions, we first check the pressure tensor in the lamellar
phase. The diagonal components of the pressure tensor are
equal within the error bars, for examplegt 1.3, we obtain
Puw=Pyy,=P,,=2.86. The off-diagonal components are
found to vanish. The identification of tensionless lamellar
state is needed to compare our findings to experiments and
theory. The large difference in the tracer diffusions along the
(@) (b) lateral and along the transverse directions further shows that
the obtained lamellar system is indeed the fluid lamella. Thus
FIG. 3. (a) The isotropic phase ap=0 and (b) the obtained  this simple model already gives a rather good physical pic-
equilibrium lamellar phase a$=1.3 for the typical system of tyre of the equilibrium static lamellagsmecti¢ state for
N/2=50 653 dimers. diblock copolymers, surfactants, and liquid crystals. In the
following, We use this lamellar phase ét=1.30, as shown
decrease in pressure. By monitoring the configurations, wén Fig. 3(b), to study the shear-induced orientation, unless
find that dimers aggregate and first form a multidomainexplicitly mentioned.
lamellar structure. Then the small lamellar domains merge After preparing the perfectly ordered lamellar phase, we
into a global(on the scale of the boyperfect lamellar phase. apply a shear with the shear plane and the shear direction
This result conforms to theoretical and experimental resultgarallel to the layer normal, which is the so-called transverse
that symmetric diblock copolymers, below the criti@@pr  orientation. For the same initial quiescent configuration, we
only order into lamellag26,27. Increasinge further, Sin-  apply shear rates betweén=0.001r"! and y=0.04r"1, as
creases slightly, turns to level off at a value of ab&it indicated in Figs. 5 and 6. In this range of shear rates, as it
=0.62, while the pressure continues to decrease roughly lincan be derived from the velocity profiles in Fig. 7, the as-
ear with ¢. Upon “quasistatic heating” we find the reverse sumption of linearity in the velocity field is valid though not
order-disorder transition with a pronounced hysteresis. Evethat clearly for the lowest shear rate, as long as we deal with
slower cooling and heating, as well as the investigation ot spacially homogeneous system. Note that the introduced
the smaller systems, does not reduce the hysteresis signifielocity difference between subsequent layers even for the
cantly. Thus we locate the isotropic lamellar phase transitioighest shear rate is much smaller than the typical thermal
at ¢opr=1.20+0.03. Like in the case of the isotropic smec- velocity. Table |(a) illustrates the averaged values of the
tic transition in liquid crystal systems and finite chain block director components,, ny, and n,, order-parametes
copolymers, the transition is first ordg2]. In addition, the  shear viscosityy, and the strain energy density per time unit
model system even tends to weakly reproduce the chaimy? for the final stationary configurations. Since the equilib-
stretching effect ag increases. For example, dsincreases rium layer structure is disturbed in the start up of shearing
from 0.8 to 1.23, the mean value of the bond length increaseffow, the transverse orientation becomes unstable.
from 1.088r to 1.10@. For long block copolymers the For the very weak shear rate f=0.001r"1, the trans-
change in chain extension of course is larg8]. verse lamella first buckle and then become instable. Subse-
As shown beford 14], the ordered system contains truly quently, they rotate into a state, where the layers are almost
2D liquid layers. To make sure that the starting system is nobriented in plane with the shear flow. These tilted lamella
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FIG. 4. (a) The averaged order-parameteand (b) the bulk pressure as a function of the potential defitfi+) denotes the way from
¢»=0 to larger¢, (X) reverses the direction.
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value ofn, decreases a little, but, stays close to zero. From
the other studies on this model we know, that eventually we
have to expect the perpendicular state as shear rate increases.
For the higher shear rate betweeén=0.008-"* and ¥
=0.04r"1, similarly the transverse lamella first buckle, then
break and dissolve into the disordered state, but later evolve
into the perpendicular alignment withy,>0.9. Typical con-
figuration evolutions can be seen in Fig. 7. The detailed
analysis of the structural evolution during these orientation
transitions will be given in the next two paragraphs. Here we
discuss how the macroscopic observables such as instanta-
neous shear viscosity and bulk pressure change as a shear
field with different shear rate is applied. As demonstrated in
Fig. 5, first both viscosity and pressure increase rapidly to a
transient peak value. This is the characteristic onset of the
diverging viscosity and pressure, if one would like to induce
creep by shear in an ideal stable solid. The layers are bent,
_FIG. 5. The variation of shear viscosity in unit aig/o*)** bt still resist the flow. This overshoot announces the inci-
with time for different imposed shear rates. From the top curve tQyance of the above first stage of alignment transition order
t_he bottom one, each curve corresponds to the case of shear rate jisorder for'y>0.001fl and “order—less order” fory
rates. i:rom .the top cu,rve to the bottom one, each curve correspong')s the t)_/pical value.for the disordered ;ystem, gradually de-
o the case of shear rate=0.03, 0.004, 0.002, and 0.091%, caying into the typlqal.va!ues_ of the final stationary state.
This gradual decay is indicative of the second stage of the

h domi i in th el ori . talignment transition disordesorder for ¥>0.001r"1 and
ave a predominant alignment in the parallel orientation otoos ordersorder” for y=0.0011. For 0.00% <%

n,~0.90 with non-negligible director components along the g gog-—1  the final phase is aligned parallel, the viscosity
other two directions oh,~0.31 andn,~ —0.31. The order varies between 20fe/c?)'2 and 12fe/a?)¥2. On the

parameter itself settles closely to the value at the startingvor hand for 0.008 1<%=<0.04r"1, the final phase is

. 71 .
state. For the shear rates betwegr-0.002 = and ¥  gjigned perpendicular, the viscosity varies between
=0.006r" ", the transverse lamella first buckle, then break8(m€/04)1/z and 7me/ a*) Y2 The relatively high shear vis-

into a disprdered state, finally reqrder gnd evplve intp thet:osity aty=0.001 is a consequence of the tilt of the lamella
parallel e}hgrr:ment Ofnzio'g' lln th|s_ regime, W:thtre 'rr]" along the unfavorable direction in the shear field. The system
crease of shear rate, the valuergfincreases slightly, the g gyck in this situation and we cannot await the final long

time relaxation. The shear viscosity is more sensitive to the

S

viscosity

10+

10

0.6]0.030.004 2.002 0.001 orientation than the bulk pressure. As expected, the transition
from the parallel to the perpendicular alignment accompanies
0.4 . . . . .

w a sharp drop in shear viscosity. A detailed analysis of the
Bk (a) complex rheology will be provided in the further publication.
0.0 The above analysis via the macroscopic observables pres-

10 100 1000 10600 ~ 50000 sure and viscosity are supported by the corresponding moni-
0.8] I T, T 0001 tqring of the order parameter and components of director.
0.4 : Figure 6 shows the order-parame&and the components of

o director n,, ny,, and n, vs time for the shear ratey

00 =0.00%"1, 0.002%, 0.004 1, and 0.03~1. The order-
-0.41 (&) parameter curves show an initial drop and then rise slowly to
10 100 1000 10000 = 50000 finally level off. The data for the components of the director
szl more directly mimic the behavior of the viscosity or pressure
' 0.03 data. n, exhibits a steep reduction and levels off close to
= 049 zero, whilen, or n, display a significant increase. All these
== 0.0 s data indicate again that the ordered transverse phase is dis-
o ' ' s . torted upon the onset of shear, first buckles or ruptures, and
10 100 1000 10000 50000 then evolves into an ordered phase oriented in other direc-

time (‘C) tions. The only exeption from this is found for the lowest
shear rate ofy=0.001r"1. n, does not decay to zero giving

FIG. 6. The temporal evolution &) the order-paramete3, (b) the reason for the remaining rather high viscosity. Figure 7

the component of the directar,, (c) n, (black dot-dash and gray visualizes typical orientation configurations and their veloc-
solid) andn, (black solid and gray dot-dajstfor the shear ratey ity profiles at different times. The velocity profile is basically
=0.001, 0.002, 0.004, 0.63. linear in all cases ofy=0.002r"! despite of some noise.
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FIG. 7. Simulation snapshots of the time evolution of orientation transition u@ley=0.001"! and their corresponding velocity

profile, (b) ¥=0.002-"! and their corresponding velocity profilé;) ¥=0.004-"! and(d) ¥=0.03r"* and their corresponding velocity
profile.

Since the equilibrium layer spacing is disturbed by the onseand Gb) that the higher the shear rate, the less time it takes

of the shearing flow, the transverse orientation becomes urfer the transverse lamellar phase to melt. Fe0.00% 1,
stable. As shown in Fig. 7, in order to restore the lamellaras the value oh, reduces, botm, and n, display distin-
spacing to its preferred value, the layers bend along the veguished changes, as shown in Figc)é For y=0.002"1
locity gradient direction. With the increase of shear rate, theand 0.004~ 1, only n,, as plotted in Fig. &), exhibits a

undulation amplitude increases faster. For the very weaktrong rise close to one, suggesting that the dimers prefer a
shear rate ofy=0.001"1, undulation in Fig. 7a) tends to  parallel alignment in a weak shear flow. Note that this seems
rotate the layers into the parallel orientation. The lamellarito be a direct consequence of the sample history. In a differ-
pattern is not completely torn apart. Both the order parametegnt investigation starting from a multidomain structure, we
andn, do not decrease to zero. This is related to motion ofwere not able to stabilize the lamella in the parallel align-

larger chuncks of pieces of lamella, as is indicated by thement, rather always ended up in the perpendicular §&&e
nonlinear shear profilfi.e. Fig. 7a, state at 2869 In con-  Beyond this, fory=0.03r"1, only ny, as drawn in Fig. &),

trast to that, at higher shear rates, the bending as shown #xhibits an abrupt rise to one, indicating that the dimers pre-
Figs. 7b), 7(c) and 7d) quickly grows large enough to fer the perpendicular alignment in a strong shear flow. Note

nucleate defects. The layers break and transform to a trafhat even at the high shear ratepf0.03r~ 1, the instanta-
sient isotropic phase. It can be seen from curves in Figs. 6 neous velocity profile always stays linear.
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(d)

FIG. 7. (Continued.

The subsequent transition path is strongly dependent on Only the resulting structure for the lowest shear rate in
the shear rate. For low shear rate, the dimers first form shothis context poses some questions. Here we obtain the tilted
parallel lamellae, then merge into a large lamella in parallelamella withS=0.6,n,~0.31,n,~—0.31, andn,~0.90, as
alignment as exhibited in Figs() and 7c). In this case, as displayed in Fig. 7). This is the only structure, where the
shown in Fig. 6,S steadily increases to its peak value aboutstructural evolution always shows a significant degree of or-
0.6 andn, stays near 1.0. In contrary to that, for higher shearder. Thus we should check whether the tilted lamella is re-
rate, dimers first form short perpendicular lamellae, then agsulting from the incompatibility between the box size and
gregate into a large lamella in perpendicular alignment aséamellar spacing, or represents a metastable phase that
seen in Fig. {). Ssteadily increases to its peak value 0.59,should relax towards the pure parallel alignment on suffi-
close to the initial degree of ordering, ang remains about ciently long time scales. Obviously, as demonstrated by the
1.0. These results qualitatively conform with experimentshuge apparent viscosity, the current state is unfavorable. Also
and theoretical predictions. For PEP-PEE symmetric blockhis is the only system, though at the smallest shear(tate
copolymers, for instance, the parallel orientation is found atvhere we find significant deviations from the linear shear
low shear rate, while the perpendicular one is induced at higprofile. By checking the pressure tensor, we find that diago-
shear rate for temperatures nebgpr [9,11]. It indicates nal components are nearly equél,,=2.874+0.024, P,
again that the simple dimer model properly reproduces the=2.872+0.020, andP,,=2.897+0.031, and off-diagonal
generic dynamic behavior of block copolymer melts orcomponents are vanishingly small. So we can confidently
smectic LC systems under shear. exclude the possibility that the tilt lamellar is constrained by
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TABLE I. The shear-rate dependences of the components of the dimectan,, andn,, and order-
parametelS, shear viscosityy in unit of (me/o*)Y?, and the strain energy density per time unig? in unit
of [€3/(ma®) 1Y for the stable configurations obtained by shearing the transverse lamelladindeB. (b)
The shear viscosity in unit of (me/o*)Y? and the strain energy density per time upi#? in unit of
[€3/(ma®)]Y? for the stable configuration obtained by shearing perfect parallel and perfect perpendicular
lamella (p=1.3) at different shear rates. Averages are taken over at least.3000

@

Y h 0 0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.01 0.02 0.03
(n2)¥2° 0,999 0.306 0.005 0.002 0.002 0.002 0.002 0.052 0.003 0.015 0.003
<n)2,>1/2 0.002 0.306 0.155 0.164 0.231 0.391 0.429 0.994 0.995 0.998 0.997
(n2)¥2° 0,021 0.901 0.987 0.986 0.972 0.920 0.902 0.091 0.099 0.046 0.075
(9 0.604 0.601 0.607 0.609 0.595 0.596 0.596 0.585 0.563 0.589 0.587
(m % 5151 16.34 1466 13.54 13.23 12.67 8.076 7.938 7576 7.336
7y?10° 515 6.53 13.19 21.67 33.09 45.62 51.69 79.38 303.05 660.30

(b)

=) 0001 0.003 0005 0007 0009 001 0013 0017 0019 0.02
(Mpara 2213 1471 1319 1284 1244 1246 1241 1292 1214 12.08
Mparay10° 221 1324 3298 62.95 100.80 124.68 209.88 355.23 438.43 483.48
(Mperp 1569 951 856 823 7.912  7.88 7.60
Mperp¥?10° 156 856 2140 4033 6408 78.89 304.28

the box size. Prolonging run time e.g., over 52BF time  ent shear rate. We plot the energy dissipation rate of the final
step, we found no relaxation process to parallel state. Onlysteady” state vs shear rate in Fig. 8. In a nonequilibrium
by applying a rising shear flow with an incremented step ofsystem one expectes the energy dissipation rate to minimize
Ay=0.001r"1, n, gradually decreases bmj increases. The [30]. As one can see from Fig. 8, the data for both the ob-
tilted lamellae transforms into the parallel lamellae at highettained perpendicular and a corresponding perfect perpendicu-
shear rate, but the order parameter reduces. Typically odar structure are always somewhat lower than that for the
cubic box contains 13 double layers if the lamellae is notobtained and the corresponding perfectly parallel orientation.
tilted against the principal axis of the simulation cell. Count-Thus the obtained parallel orientations for the present system
ing along thez axis we here find only 12 due to the tilt. This parameters are a metastable conformations as a result of the
means that shear was too small to completely reorganize theompetition between the tendency to stick to layered
layers. The driving force for local order was larger than theplaquettes and the shear-induced complete reorganization.
introduced shear stress, eventually also leading to the devia-
tions from a linear strain profile. The reduction of the num- .006
bers of sheet leads to an increase in amphiphiles per shee
This can only fit into the box if the layers are tilted. Any
relaxation would require substantial transverse diffusion anc
(or) or breaking of lamella. For both the shear stress is ob-
viously too small. We expect this to be an artifact of the 7772
constant shape of the simulation cell. In an experiment, how-
ever, such tilted domains might occur as well. Obviously in
our simulation, the orientation transition for the transverse
lamella at the very weak shear rate is a transvertie, but
at low and high shear rate is an initial fast transverse
—isotropic and a later slow isotropicother preferred ori-
entations, depending on the value of shear rate.

At this point we have to ask, whether for the present . -1
system the state parallel to the shear plate can be the prt 7/('2,' )
ferred one, or would it for larger systems even be preferable
to display both, the parallel and perpendicular alignments gG_ 8. The strain energy density dissipated per time g in
within the same regime. For this we give in Tabl@)land(b)  ynit of [€3/(mo®)]Y2 for the stable configurations obtained by
the shear viscosity and the strain energy density per time Unéhearing perfect parallel lamelléepen circle and perfect perpen-
(energy dissipation ratdor the stable configuration obtained dicular lamellae(open squane as well as for final steady states
by shearing transverse lamella and by shearing perfect pagerived by shearing perfect transverse laméileed triangle) under
allel and perfect perpendicular lamellagt 1.3 and differ-  different shear rate.
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10000 FIG. 10. The structure factor scan for the tilted lamellar state at

5 - (x,y) l ¥=0.00%"1 as a function ofy along the director direction.
]
*E 5000 # " Only scanning along the director axis, we find a significant
fg. L peak, as shown in Fig. 10. Furthermore, the maximum value
2 il of peak(about 19 922.Ris even larger than that of the start-
® 0 : : : : ] ing transverse phasébout 8952.1% demonstrating the
(b) o 60 120 a1n890|e2 40 300 360 shear-induced ordered state, which is obviously subjected to

an ordering stress. Actually the director fluctuations are re-
FIG. 9. The structure factor scan for the unperturbed transversduced compared to the unsheared state. The time-dependent
state(a) as a function of the wave vectgralong thex direction and  two-dimensional structure factor scans of the other orienta-

(b) as a function of angle at=q, in the (x, y) plane. tion transitions, e.g., transverse to parallel are shown in Figs.
11(a) and 11b), and transverse to perpendicular in Fig.
IV. INTERPRETATION OF EXPERIMENTS 11(c). The transverse lamella first bend and then quickly

. . . break. The significant peaks typical of transverse lamella at
Besides these direct observations of the order, we can al%z 180°, and 360° irfx,y) and (x,2 planes all decrease rap-
follow the time development of the structure factor, jUSt as 't|dly Then structure factor becomes isotropic in any plane. As
fime elapses, foly=0.002 and 0.004 !, the broad peaks
around 90° and 270° in thg/,2 plane and(x,2 planes ap-
pear, demonstrating the parallel orientation of layers. While
for the y=0.03r"1, the broad peaks at 90° and 270° in the

versely ordered smectic liquid crystdlk3]. We calculate the
time evolution of structure factor

2 eld-rij (11) (x,y) plane and approximately at 0°, 180°, and 360yij®
N planes build up, demonstrating the perpendicular orientation
of layers. Subsequent evolution is accompanied by increas-
along thex, y, z and director axis, as well as in th®,y), ing peak heights and sharpening of the peaks. As expected,

(x,2, and(y,2 planes withg being commensurable with the all these are in good agreement with the above analysis of
box. To clearly display the layer structure, we scatter off theorder parameter, director and snapshots. It is noteworthy that
centers of the dimers. Figuréed shows the structure factor the derived peak height ifix,2 plane for the final stable
S(q) of the initial transverse configuration along thexis.  parallel orientation and the derived peak heightd)y) plane
The single peak ai,=3.340 ! illustrates the perfect lamel- for the perpendicular orientation are all smaller than the peak
lar structure with a well-defined double layer spacing 2values of the starting transverse lamella. By examining order
X 27lqy=3.760"1. Then we scan in théx,y), (x,2, and parameter and director component in Table | and snapshots
(y,2 planes for constang=q,(*+0.01)! As expected, the in Fig. 7, it is apparent that the obtained low peak height of
intraplane structure factor, that is in thg2 plane, shows no the final state in these planes are not due to reduced orienta-
structure at all for thigy value. The structure factor in the tional ordering but from small tilts in the alignment, i.a,,
(x,y) plane and in thex,2 plane is indistinguishable. As ~0.0 butn,#0 for y=0.002, 0.004"! and n,~0.0 but
exhibited in Fig. 9b), three peaks of the same amplitude atn,#0 for y=0.03r" 1. This is also verified by the scanning
0°, 180°, and 360° in th&,y) plane indicate the layer normal results in thely,2 plane From the snapshots of Fig. 7, pro-
pointing along the subsequent shear direction. The very sanjections of layers in thdy,2 plane are not affected by the
analysis we now perform for the time development of thetilting. Compared with the peak heights in the corresponding
sheared transverse layers. We apply this to four casesx,2 or (x,y) plane, the peak heights ity,2 plane increase
namely, y=0.001r"1, where the tilted lamella occurred,  dramatically, even larger than the initial transverse peak
=0.002 and 0.004 !, where the parallel lamella appeared, height fory=0.004, 0.03~ 1. As expected, the more tilted in
and ¥=0.03r"1 where we find perpendicular lamella. For the (y,2 plane, the lower the peak height is in the corre-
the tilted lamella as shown in Fig(&), calculating the struc- sponding(x,2 or (x,y) plane. In the(y,2 plane, the pure
ture factor along the experimentally accessible planes, nparallel orientation can be manifested by the observation of
peak appears. This is due to the perfect, but tilted lamellgpeak at 90° and 270°. However, since the obtained parallel
orientation show a small tilt, peaks emerge at 99° and 279°
for ¥=0.002-"! and at 104° and 283° foy=0.004r" 1. The
INote thatq has to be commensurable with the cubic box, allow-increase in shift angle with shear rate indicates the tendency
ing only for discrete values aj=2m(ny,ny,n,)/L. to be aligned in perpendicular orientation as shear rate in-
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FIG. 11. The evolution of structure factor scan as a function of angtg=aiy(+0.01) in the &,y), (v,2z), and {,z) planes at the
different shear rate. The arrows indicate the increased shearing(iwst. ¥=0.002-"1 for the typical time 0, 50, and 160n the (x,y)
plane, for the typical time 4500 and 2366@ the (y,z) plane, and for the typical time 0, 50, and 1@ddicated by down arrows4500 and
23600r (by up arrows$ in the (x,z) plane.(b) At ¥=0.004r"1 for the typical time 0, 50, and 160n the (x,y) plane, for the typical time
2000, 2800, and 47@0n the (y,z) plane, and for the typical time 0, 50, and 1@y down arrowy 2800, 4708 (by up arrows in the (x,z)
plane.(c) At ¥=0.03r"1 for the typical time 0, 10by down arrow} 1000, 3000, and 4860by up arrows in the (x,y) plane, for the
typical time 1000, 3000, and 486 the (y,z) plane, and for the typical time 0, 10, and72@ the (x,z) plane.

creases. For the perpendicular orientation, the peak positiah is necessary to scan along several axis and in several
of the maximum is rotated by/2 with respect to that of the planes. Only in this way, we can identify the degree of order
parallel orientation. The slightly tilted perpendicular orienta-and the orientation of the lamellae, and make clear that the
tion of Fig. 7(d) leads to peaks appear at 5° and 185° rathedifference in the maximum peak of the initial and final
than 0° and 180°, respectively. Besides the tilting of layersphases is due to some weak tilt or due to imperfect ordering
undulations can affect the scattering results. As shown in Figwith defects in the final state.

7(b) of parallel lamella aty=0.002"1, some undulations

are present. Undulation in the shear flow direction is studied V. CONCLUSIONS
in detail by Soddemast al. [23,29. Here we find that this
undulation leads to the peak height in tye2) plane lower The present work shows that it is possible to use large-

than that of the initial transverse phase. So to identify thescale nonequilibrium molecular dynamics simulation with a
alignment and order degree of the shear-induced orientationBPD thermostat to study the shear-induced alignment transi-
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tion of diblock copolymer melts, surfactants and liquid crys-chain length the two curves describing the energy dissipa-
tals in a large-scale system. It is achieved by constructing ation rate in the parallel and perpendicular state of Fig. 8, can
effective simplified continuum ampbhiphilic model. Under be shifted against each other, which eventually also leads to
shear flow the transverse lamellae first bend. Under very situation where the parallel orientation is the preferred
weak shear rate, huge parts of layers gradually rotate to geady state. To identify the alignment and order degree of
tilted alignment which has a predominant alignment in thethe shear-induced orientation by scattering spectra, it is nec-
parallel orientation oh,~0.90 and has non-negligible direc- essary to scan along several axis and in several planes. From
tor components along the other two directionsngf=0.31  our experience, the low peak of the final perpendicular align-
andny~—0.31. For larger shear rates, the lamellae are torinent in the spectra of Fig.(® in Ref.[13] may originate
apart and systems then evolve from the isotropic state inteom either of the following effectsti) the final perpendicu-
the ordered lamellar state which has a parallel orientation ghr phase is less ordered with defectgiorit is in a slightly

low shear rate and a perpendicular alignment at high sheajited perpendicular alignment. In the future, we will use the
rate, basically in agreement with experiments and theorysame method and vary the monomer properties of the model
From measuring the energy dissipation rate, we find that thg investigate the nonequilibrium dynamical behavior perti-
perpendicular alignment for the present system is more fanent to the diblock copolymer melts, surfactants, and liquid
vorable. However, the obtained parallel conformations turrerystals. This might shed light in unveiling the underlying

out to be metastable for the present system. Mapping thifvechanisms for shear effect on the anisotropic complex flu-
onto experiment, we expect for typical small layer formingids having different morphologies.

molecules (mesogenes forming smectics or small am-
phiphiles like lipidg due to the small intralayer friction a

strong tendency of a transition into the perpendicular state. ACKNOWLEDGMENTS
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