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ABSTRACT: The dissipative particle dynamics simulation technique is used to study the microphase transitions

of perforated lamellae of cyclic diblock copolymers under steady shear. The perforated lamellae are transformed
to perfect lamellae, and the layer normal is aligned to the direction parallel to the gradient of the velocity under
weak shear, whereas they undergo a phase transition to form perfect lamellae whose normal is aligned to the
direction perpendicular to the gradient of the velocity due to strong shear. Subjected to the moderate shear, the
perforated lamellae are transformed to hexagonally ordered cylinders. By examining the microphase morphologies
in the shearing process, we find shear thinning in general, which is reflected by the reorientation of the lamellae,
and shear-induced thickening when hexagonally ordered cylinders appear. The calculated shear viscosity basically
decreases with increasing shear rate but shows a local maximum at the shear rate that induces hexagonally ordered
cylinders.

1. Introduction transverse orientation (that is, the lamellar normal is parallel to
the velocity direction). In the recent decades, LAM under

R I hesizi h lic diblock I
ecently, synthesizing the cyclic diblock copolymer and external perturbation had been comprehensively expRréd.

studying its physical properties are very active topics, because
the material made of which possesses low viscosity due to the Because of the novelty of the cyclic block copolymer and

ring topology, which may facilitate the industrial processing. the importance of the knowledge on the microphase transition
In general, four typical ordered morphologies upon microphase from perforated lamellae to other structures under shear, in this
separation had been predicted and found in experiments, i.e.paper we show the study of the microphase transitions of HPL
lamellae (LAM), hexagonally ordered cylinders (HEX), body- of cyclic block copolymers under steady shear using the
centered-cubic spheres (BCC), and bicontinuous gyroid (G), dissipative particle dynamics (DPD) method. Indeed, computer
which are considered to be stable in equilibritirh Except for simulations are convenient techniques in exploring the equilib-
these morphologies, various complex microphase structures hadium structures and the dynamics of phase separation of
recently been observed in experiments, for example, the polymeric materials. Some important simulation techniques

hexagonally perforated lamellae (HPL) and the hexagonally include the time-dependent Ginzbtrigandau method (TDGL¥35
modulated lamella&? Although these structures are metastable, o dynamic density functional theory (DDF¥)the cell

they always appear in experiments by controlling the thermo- dynamic method’ the Monte Carlo method (MCP2° the
dynamic conditions. The HPL phase, which is residing between discontinuous mc;lecular dynamics method (DM‘B)t;e mo-

LAM and HEX in the phase diagrafil® is of great interest | : , n .
i ecular dynamics method (M3}, 43 and DPD*~46 On the basis
because both of the transitions from HPL to HEX or from HPL of the simple models of free energy function, the DDFT

to LAM are possible. Some experiments had revealed these - . .
technique was successful on modeling the coarse-grained

kinds of transitions by tuning, for example, the experiment polymer chains. TDGL method had been demonstrated to be

temperaturé~1* The microphase structures of cyclic diblock h il tool for characterizing th o d
copolymer were also extensively investigated in experimiénts. another powerlul tool Tor characterizing thé mesoscopic dynam-

The phase diagram of the cyclic diblock copolymer had been €S Of block copolymers. DMD was developed significantly to
constructed, showing the regions that different microphases suctstudy long-time phenomena of polymers via discontinuous
as LAM, HEX, and HPL can be fourfd:2 potential interactions. The MC method could simulate the
In experiments and during processing, the nonequilibrium Microphase separation of a symmetric diblock copolymer and
conditions are commonly encountered. The shear flow can beMonitor changes in the energetic and the structural states of
regarded as an effective approach to break up the ordered€ System. In particular, the coarse-grained MD method had
microdomains and achieve another ordered microstructure,Peen generalized to study different systems, including investi-
Shearing can not only lead into distinct microphases but also 92ting the nonequilibrium properties of these systems recently.
induce various orientations of the microphases, especially for DPD is established on the basic concept of the soft interacting
the LAM architectures of diblock copolymet&:26 As for LAM, particles which refer to a cluster of atoms or molecules.
three orientations had been identified under shear: the parallelEspecially, the DPD approach produces momentum conservation
(i.e., the lamellar normal is parallel to the velocity gradient results and thus takes into account the rheological dynamics
direction), the perpendicular (in which the lamellar normal is properties simultaneously. Liu et al. had studied the LAM
perpendicular to the velocity gradient direction), and the reorientations of linear diblock copolymers due to shear flow
using DPD?¥ To investigate the phase morphology of HPL of

*To whom correspondence should be addressed. E-mail: luzhy@ cyc!ic diblock gppplymer, in this _StUdy! we have adopted a
mail.jlu.edu.cn. similar nonequilibrium DPD technique.
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2. Method and Simulation Details

In DPD, the pairwise interactive force acting on a particle
by the particlej contains three parts: the conservative force
(F§)). the dissipative forceR), and the random forcerf).
The conservative forceFf, which is derived from a soft
interaction potential within a certain cutoff radius is given
by

c_ c
Fi = qjo(ry)e

)

whererj = rj — rj, rjj = |rjl, andey = rj/rjj. o is the maximum

repulsion between particlieand particlej. In order to ensure

the conservative force soft and repulsive, the weight function

w®(rj) is chosen a®®(rj) = 1 — rj for rj < 1 andw®(rj) =

0 for rj = 1. The number density in our simulations isd;

relates to the FloryHugginsy-parametef 48 via
oy ~ o5 +3.2%; (p=3) 2

In principle, p should be large enough to correctly describe the

behavior of liquid!> We thus choosg = 3 for compromising
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wherer; andp; are the position and the momentum of particle
i, respectivelyy is the velocity profile withy = dv,/dry. The
planar shear flow profile is therefore
u=igyr, (20)

The flow direction is parallel to th& axis, theY axis refers to
the velocity gradient, and the axis represents the transverse
direction. Meanwhile, we employ the LeeEdwards periodic
boundary condition (PBC) to maintain the linear velocity
gradient’49 The modified equations of motion are integrated
via velocity Verlet algorithm with a time step of 0.03, which is
chosen by compromising between the system stability and the
computational efficiency®

For the cyclic diblock copolymer characterized byBy (N
= m+ n = 20 in this study), the volume fractidris f = m/N.
By consulting the phase diagram of Qian et?alye selecf =
0.35 andyN = 110, where the perforations of the layers are
clear and hexagonally ordered. In general, the ordered equilib-
rium microphases of cyclic diblock copolymers are similar to
those of the linear counterparts. Their phase diagrams are also
very similar, which is attributed to the reduced chain lerfgf_.

between computation efficiency and the correctness of the It should be noted that in equilibrium the HPL are not oriented
model. The interaction parameter between the same type ofto a certain direction such as parallel, perpendicular, and

particles a;i equals 25, which is to correctly describe the
compressibility of water, since it is a very representative quantity
for a lot of liquids?®

The dissipative and the random forces are

i ®)

4

= _CCUD("ij)(Vij'Qj)e.j
Fi = ooR(r&;at

wherev;j = v; — Vv;. § is the dissipation strength which controls
the heat dissipated in a time step, ands the noise strength
with o = 3.67.&; is a random number which has zero mean
and unit variance. The weight functions®(rj) and wR(rj)
couple together to form a thermostat. Espanol and Wétren
showed the relations between the two functions as

@°(r) = [0"(")]?

o = 20k T (5)

We also choose the simple function form fo¥(r;) according
to ref 45

1-r% (<1
0 r=1)

In the simulations, the radius of interaction, the particle mass,
and the temperature are set as the unit, iees m = kT = 1.

0°(r) = [o"(])* = { (6)

transverse as described above. In the simulations, the shear rate
is carefully chosen to avoid microturbulerféelhe simulation

box size is 20x 20 x 20, which is large enough for our purpose

as demonstrated by refs 22 and 47. Therefore, the cubic box
accommodates 2400 polymer chains. Comprehensive simula-
tions are conducted with the shear rate changing from 0.01 to
0.20 with the interval of 0.01. The simulation time ranges from

2 x 10° to 1 x 10° timesteps depending on the applied shear
rate, which should ensure that the system reaches to the steady
state and the time average can be decoupled from the phase
transition process. In order to establish the comparison of the
phase morphology, the same initial randomly oriented HPL
phase is selected in all of the simulations.

3. Results and Discussion

3.1. Effects of Changing Shear RateThe details of HPL
phase transitions due to different shear rate are summarized in
Table 1. The HPL phase is considered as a metastable phase
residing on a saddle point in the free energy surfddecan
be transformed to LAM phase and HEX phase by varying shear
rate, which was verified by some experimentd14

Table 1 can be roughly divided into three parts depending
on the final microphase structures: LAM (frojn= 0.01 toy
= 0.06), HEX (7 = 0.07 and 0.08), and LAM (frony = 0.09
to y = 0.20). When the relatively weak shear is applied, i.e.,
form 0.01 to 0.03, it takes about 1:51(P timesteps to achieve
the steady states, in which the lamellae do not align to the above-
mentioned three standard orientations. The final morphologies

When modeling polymers, the chains are constructed by are LAM with defects. Only small and irregular perforations

connecting the adjacent particles via an extra harmonic siring
S _
Fr= zcrij (7)
]

where the constar€ is 4.0.
To impose steady shear, we use SLLOD equations of
motion?!i.e.

)
©)

I’i = pi/m + ixj/ryi

P =F —i,vpy

appear locally during certain timesteps. They should not be
considered as the re-formed HPL phase since in the course of
shearing they exhibit the characteristics of LAM phase. With
increasing shear rate, the dihedral angle between the LAM and
the XY plane is increasing gradually as a result of the imposed
shear. For example, the dihedral angle i$#% = 0.01, 71.8

for y = 0.02, and 75for y = 0.03. The LAM phase tends to
be parallel oriented with increasingand reaches the parallel
alignment (i.e., the LAM normal parallel to the velocity gradient)
wheny = 0.04. Keeping on enhancing the shear, the parallel
reorientation of the LAM phase disappears and the lamellae
tilt again. The dihedral angle is 72.for y = 0.05 and 51 for
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Table 1. Microphase Structures Depending on Shear Rate a

shear parallel

rate timesteps  final morphology to axis? orientation

0.01 1.5x10° LAM with defect no ~45° N
0.02 15x10° LAM with defect no ~71.5

0.03 15x10° LAM with defect no ~75°

0.04 1x1C° LAM yes parallel

0.05 1x 10° LAM no ~71.2

0.06 1x 10° LAM no ~51°

0.07 1x 1P HEX yes parallel toX axis

0.08 1x 10 HEX yes parallel toX axis

0.09 1x 10 LAM with defect yes perpendicular
0.10 1x1C LAM with defect yes perpendicular
0.11 1x 1 LAM with defect yes perpendicular
0.12 1x 10° LAM with defect yes perpendicular
0.13 1x 10 LAM with defect yes perpendicular
0.14 1x1C LAM with defect yes perpendicular

0.15 5x 10 LAM yes perpendicular
0.16  5x 10 LAM yes perpendicular
0.17 5x 10 LAM yes perpendicular
0.19 5x10* LAM yes perpendicular
0.20 5x 10 LAM yes perpendicular

aTimesteps refer to the simulation times after which we can roughly
obtain the final structures. The orientation represents the relationship between
the lamellae normal and the velocity gradient for LAM phase, or the dihedral
angle between the lamellae and k¥ plane for the tilted lamellae, or the
cylinder direction of the HEX phase.

y = 0.06. In these two cases, it needs less time to reach to the
final structures, roughly after ¥ 10° timesteps. It seems that
the LAM phase is changing from parallel to perpendicular

orientation with increasing shear rate. It should be noted that
from = 0.04 to 0.06 the stable microphase structures are LAM
without defects. The above results show that the shear flow can
induce the phase transitions and speed up the rearrangement of
microphase structures globaf§42

Interestingly, HEX phases appear whjle= 0.07 andy =
0.08, which are neither too strong nor too weak. However, in
the case off = 0.07, the HEX phase has slight defects, such as
the rodlike connections between the two cylinders and the Figure 1. Simulation snapshots of the time evolution of HPL phase
cylinders being not well hexagonally ordered. In the casg of ~under weak sheay; = 0.04. The snapshots are taken every 10"
= 0.08, the cylinders are stable and well hexagonally ordered. "MeStePs:

The HEX phase does not vanish while keeping on shearing. 32 phase Morphology and Order Parameter.In our
Moreover, the hexagonally ordered cylinders are all parallel to simylations, the same HPL initial configuration is used under
the X axis which represents the flow direction. This is in  yarious shear rate. Thus, the observed phase transitions do not
accordance with the results of experiments and theoi3/4°2%3  genend on the initial configuration. There are two main time
which indicated the transition from HPL to HEX being possible. gscales in the simulations: one is characterizing the phase
When further increasing the shear rate, we find another HPL transition during shearing, and the other is for ensemble (time)
to LAM transition. Note that in these cases the LAM normal is average. The first time scale is not known in advance but can
perpendicular to the velocity gradient. Because of the stronger be estimated within several “computer experiments”. The second
shear, it takes rather less time to achieve the perpendiculartime scale for time average is always chosen large enough in
lamellae alignment. From = 0.09 toy = 0.14, the LAM phase  the simulations. To track the morphology change of the HPL
is always accompanied by some defects. But these defects Wi||phase under shear, we show the isosurfaces of component A
vanish gradually with increasing the shear rate. Fyom 0.15 with density equal to 1.5 in Figure 1 fgr= 0.04, Figure 2 for
to y = 0.20, the perpendicular LAM phases, without defects, y = 0.08, and Figure 3 fop = 0.20. These shear rates represent
are found. It is clear that the strain of shear plays a significant the weak, the moderate, and the strong shear, corresponding to
role in controlling the lamellae reorientation during flow the distinct final microphase structures as parallel LAM, HEX,
alignment of diblock copolymer®. and perpendicular LAM, respectively. To compare the effect
The phase transitions and reorientations also manifest theof box size, some extra simulations have been carried out by
shear induced thinning and thickening. The initial randomly changing the box size to 2& 25 x 25. After much longer
oriented HPL phase implies that the layer spacing cannot fit to simulation time, similar results are found.
the size of the box. By shearing, HPL phase is transformed to  In Figure 1 (fory = 0.04), the snapshots are taken every 1
LAM phase, in which the layer spacing is apparently decreased x 10* timesteps. Figure 1a shows the initial HPL phase, which
so that LAM can take parallel or perpendicular orientations. It is the same in all the simulations. It is shown in Figure 1b that
is attributed to the shear-induced thinning. In the phase transitionthe perforated layers are destroyed completely, and only irregular
from HPL to HEX, the layers are broken to form cylinders, structures can be found. Subsequently, as shown in Figure 1c,d,
whose diameter is larger than the width of the layer. This can the disordered structures start to connect with the adjacent ones
be taken as the result of shear-induced thickening. along the flow direction and the vortex direction. There is no

N
y i X
i f
N
¥ X




Macromolecules, Vol. 40, No. 14, 2007 Perforated Lamellae of Cyclic Diblock Copolymer§225

a

Yy x

Figure 3. Simulation snapshots of the time evolution of HPL phase
y x ¥ x under strong sheay, = 0.20. The snapshots are taken every 80°
timesteps.

Figure 2. Simulation snapshots of the time evolution of HPL phase
under moderate sheagr,= 0.08. The snapshots are taken every 8

10° timesteps. simulation time over another £ 1(° timesteps and found that
the HEX phase still exists.

big difference between parts ¢ and d of Figure 1 except thatthe Figure 3 shows the phase transition from HPL to perpen-
irregular lamellar structures in Figure 1d are less tilted compared dicular LAM under strong shear with = 0.20. The snapshots
to those in Figure 1c, which is attributed to the velocity gradient are taken at interval of & 10° timesteps because the structures
being along ther axis. Later, the irregular lamellar structures change quite fast. After & 10° timesteps, the initial HPL phase
join together, and the parallel lamellae with some defects are (shown in Figure 3a) is totally broken, and cylinder-like
set up, as shown in Figure 1e. Over another 10* timesteps, structures appear under this strong shear, as shown in Figure
as shown in Figure 1f, the lamellae are developed with fewer 3b. These structures are random and interconnected with each
defects, and the normal is well aligned along the velocity other. After another 5« 10° timesteps, some of the cylinder-
gradient direction. Finally, Figure 1g obviously shows that the like structures joint to form layers whose normal is perpendicular
parallel aligned LAM appear, whose orientation is parallel to to the velocity gradient and others are still cylinder-like and
the velocity gradient. Figure 1 exhibits the slow evolution from parallel to the flow direction, as shown in Figure 3c. Subse-
HPL phase to the parallel LAM phase at comparatively small quently, the mixture of the lamellae and the cylinders quickly
shear rate. transforms to the lamellae whose normal is perpendicular to
The snapshots in Figure 2 are taken evesy 8C° timesteps. the velocity gradient, as shown in Figure 3d. However, the
Figure 2a is the initial HPL phase. Figure 2b shows that the lamellae are not flat. Figure 3e shows the emergence of the
layers are broken and transformed to irregular structures. TheLAM phase whose orientation is perpendicular. The HPL phase
structures are cylinder-like and are not disordered absolutely. thus undergoes a transition to LAM phase, whose orientation
Then, as shown in Figure 2c, the cylinder-like structures are is perpendicular under strong shear, in contrast to the-HPL
merged with a lot of defects that some adjacent structures areparallel LAM transition under weak shear. With anothex 2
still connected, and the hexagonal symmetry is absent. Figure15 timesteps simulation, the perpendicular LAM phase is still
2d shows that the cylinders are aligned parallel to the flow stgble under shear.
direction and are more symmetric and uniform due to the
influence of the shear. Figure 2e exhibits the long-range
hexagonally ordered cylinders which are parallel to the flow
direction under moderate shear rate= 0.08. The HEX phase Q,= §f - 16 (11)
is stable at this shear rate because we have prolonged the aff 2( “p 3 “ﬂ)

The order parameter is defined by Saupe tefsor:
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J " y " J " y " J LAM transition subjected to strong shear. It implies that shearing
0354 . T can speed up the phase transition. In the case ©f0.08,S
0'30_' i decreases quickly to reach the minimum, showing that the HPL
| phase is destroyed completely. Th8rincreases to a plateau
0.25 i value 0.10, which implies that the corresponding morphologies
1 | as shown in Figure 2b,c are not absolutely disordered. It takes
020 4 about 4x 10* timesteps forS to increase to a value of 0.13,

7] - 1 which corresponds to the HEX phase as shown in Figure 2e.
0.15 - The order parameters in these three cases show the dynamics
1 during transition under she&®.always rapidly goes through a
0.10 . minimum which corresponds to the disordered structure and

T increases gradually to the characteristic values for the target
0.05+ 1 stable phases. Thus, shear rate plays a crucial role in phase
0_00' . behavior of cyclic diblock copolymer which is in agreement

o 5 10 5 20 with the results of ref 25.
3.3. Shear Viscosity. Shear viscosity directly relates to the

time (10* timesteps I
¢ ps) pressure tensor, which is measuredl#y

Figure 4. The order parametef( changes in the process of shearing
on the HPL phase. Solid line represents= 0.04, dashed lingg =

0.08, and dotted lingg = 0.20. — _DZ”W o ﬁD-l- _DZ ZF'J oi ﬁD (12)
9 T T T T T T T T T
whereV is the volume of the simulation box. It is critical to
84 i verify that the three diagonal components of the pressure tensor
Pxx Pyy, andP,; are equal to each other in equilibrium. In our
74 H 1 simulations, the box size in thé direction can be adjusted to
\ i fit the requirement of the pressure tensor. However, we find no
= apparent difference of phase behavior by adjusting the box size.
§ 6 Shear viscosity in association with the only nonvanishing off-
2 i diagonal componer,y = —Pyy is given by
5 ﬁ\¥ ] 5
J Xy
~N—n—g_ 4 n=--- (13)
4 + t E\E-E\E\E‘E‘E\E 14
1 where is the non-Newtonian shear viscosity.
3 - . - T - T - T - Both Koppi et ak® in experiment and Gu#d by MD
0.00 0.05 0.10 0.15 0.20 simulation had argued that the shear viscosity relates to the
shear rate orientation of the LAM phase, i.eperpendicular< 7parallet The
Figure 5. Shear viscosity vs shear rate. calculated shear viscosity as a function of shear rate is shown
whereo andf are Cartesian indice8, is the Kronecker symbol,  in Figure 5, from which three regions corresponding to different

andf is a unit vector along the bond which connects the A phases and orientations can be identified. The first region
block and the B block together. The largest eigenvalue of the corresponds to the small shear rates witk 0.05, where the
volume averag€y is the order paramet& Sis zero for block ~ shear viscosity is large. In this region the shear viscosity
copolymer in the completely disordered state and unity for block decreases gradually with increasing shear rate until the parallel
copolymer in the ordered alignment state. LAM phase is formed at = 0.04. After that, the shear viscosity
We calculate the order parameters of the HPL phase underdecreases dramatically untjt = 0.07 and shows a local
three typical shear rateg, = 0.04,7 = 0.08, andy = 0.20, maximum aty = 0.08. In this region the LAM phase (not
and show their changes with time in Figure 4. In the beginning, parallel to any particular direction) is tilting and transforming
S = 0.25, which corresponds to the initial HPL phase. In the tothe HEX phase. The shear viscosity decreases smoothly with
case ofy = 0.04, the order parameter decreases gradually. It increasing shear rate in the third region, where the perpendicular

takes about 8« 10° timesteps to reach its minimum, i.&= LAM phase is found. In our casegperpendicuiaS also smaller
0.06, corresponding to the random structures. TBawwreases  thanparaies Which is in agreement with the results of refs 23
and fluctuates around 0.14 fromx110% to 3.5x 10* timesteps. and 43. In general, the shear viscosity decreases with increasing

It implies that the system is of some degree of ordering, which shear rate, which corresponds to the shear thinning, whereas
is consistent with the snapshots shown in Figure 1b,c. Subse-the local maximum of; at = 0.08 corresponds to the shear-
quently,Sincreases gradually to reach the characteristic value induced thickening.

for LAM, S = 0.3. This corresponds to the morphology as .

shown in Figure 1g. Under strong shea= 0.20,Sdecreases 4 Conclusions

in a very short time to its minimum db = 0.05 and thers In this study, we perform DPD simulations to investigate the
increases to 0.3 quite fast; the corresponding morphology in microphase transitions of the HPL phase of cyclic diblock
equilibrium is the LAM phase as shown in Figure 3e. The order copolymers under steady shear flow. It is a challenge to
parameters foy = 0.04 and 0.20 in final stable states are both comprehensively investigate the microphase transitions when
around 0.30, which manifests the similarity of the LAM phase the HPL phase subjected to the steady shear, which is rarely
under different shear rates. The difference between these twostudied before. In this study we have not tried to construct the
cases is that it takes rather less time for the Hperpendicular whole phase diagram for the cyclic diblock copolymer under
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parallel LAM phase. (38) Fried, H.; Binder, KJ. Chem. Phys1991, 94, 8349.

(39) Pakula, T.; Karatasos, K.; Anastasiadis, S. H.; Fytadyi&romol-

. . : ecules1997, 30, 8463.
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