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We investigate the alignment of wormlike micelles under shear flow with dissipative particle dynamics
simulations of nonionic surfactant solutions. To reveal the effect of micellar scission on alignment, we
evaluate the shear-rate dependence of the mean orientation angle and the average lifetime of micelles
for fixed aggregation numbers. Our numerical results demonstrate the presence of two distinct shear-
rate regimes of micellar alignment. In the low shear-rate regime, where flow-induced scission does not
occur, wormlike micelles align more in the flow direction with the shear rate. In contrast, flow-induced
scission suppresses micellar alignment in the high shear-rate regime. In addition, comparing the
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alignment of wormlike micelles with that of polymers without scission, we find that the mean
orientation angle of wormlike micelles is larger than that of polymers when flow-induced scission
occurs. This comparison confirms that flow-induced scission yields the unique behavior of micellar
alignment. Furthermore, we demonstrate that flow-induced scission suppresses micellar alignment for
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1. Introduction

One of the significant differences between polymers and worm-
like micelles is the underlying mechanism of their structure
formation. Polymers are based on covalent bonds, whereas
surfactant micelles are on weak non-bonded interactions. Thus,
unlike polymers, micelles constantly exhibit scission and
recombination. It is important to understand how this differ-
ence affects their properties. A crucial example is turbulent
drag reduction by adding polymers and surfactants."* Since the
flow statistics are similar for both additives,®> polymers and
surfactant micelles have similar roles in modulating turbu-
lence. However, there is an indispensable difference originating
from their formation mechanisms. Since polymers are formed
through covalent bonds, their structures never recover once
they are broken by strong shear flows.* Due to this irreversi-
bility, the drag reduction efficiency by polymer additives
declines with time.>” In contrast, since the driving force for
micellization is a non-bonded interaction, surfactants can form
micelles again after scission.® Thus surfactant solutions are less
affected by mechanical degradation than polymers.® This prop-
erty makes surfactants more suitable for closed-loop systems
such as air conditioning systems.'®'* Therefore, developing
technologies using polymer and surfactant solutions requires a
fundamental knowledge of their different properties arising
from their formation mechanisms.
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fixed aggregation numbers by reducing the effective longest relaxation time of micelles.

Here, we explore whether micellar scission kinetics yields a
difference in alignment behavior under shear flow. In general,
the alignment of wormlike micelles and polymers is closely
related to the rheological properties of their solutions. Since
surfactants and polymers are often added to solutions to
control rheology,”* ™ it is indispensable to understand their
alignment properties. Many studies have been conducted on
polymer alignment using theoretical, experimental, and numer-
ical approaches.'>*® It is well known that polymers under shear
flow align more in the flow direction as the shear rate increases.
Similarly to polymers, numerous studies have reported that
rodlike and wormlike micelles also align in the flow
direction.’®2® However, little is known about the effect of
scission on micellar alignment, although recent experimental
results suggest that the scission effect on the micellar align-
ment emerges for high shear rates. Arenas-Goémez et al.”’
conducted simultaneous measurements of the viscosity and
alignment of wormlike micelle solutions. They revealed that the
orientation parameter exhibits nonmonotonic dependence on
the shear rate. They attributed the decrease in the orientation
parameter to the decreased contour length due to increased
scission frequency. Recently, King et al>® investigated the
alignment and viscosity of concentrated wormlike micelle
solutions. They demonstrated that the saturation of alignment
occurs for high shear rates, indicating the scission effect.
However, it is difficult to experimentally measure the scission
frequency and observe the structures and dynamics of indivi-
dual micelles in flowing solutions. Thus the effect of scission
on micellar alignment remains unclear.
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Molecular simulations allow us to overcome these difficul-
ties and reveal the relationship between alignment and scis-
sion. Although some studies investigated the alignment of
rodlike and wormlike micelles using molecular simula-
tions,?” % little has been done to reveal the effect of
scission.”" Huang et al.*® used a mesoscopic model incorporat-
ing a kinetic model for scission and recombination into linear
chains and examined alignment and scission under shear flow.
Although they reported the saturation of alignment for high
shear rates, they attributed this saturation to finite-size effects
under strong shear flows. Sambasivam et al®® investigated
alignment and scission of a single rodlike micelle under shear
flow with the coarse-grained molecular dynamics (CGMD)
method. They found that when the Weissenberg number
Wi = 1) defined as the product of the shear rate y and the
rotational relaxation time 7 is larger than 1, a rodlike micelle
aligns in the flow direction exhibiting tumbling dynamics. They
also showed that elongation of micelles by shear flow leads to
micellar scission for large Wi. However, there was no compar-
ison between alignment and scission for given Wi. Although it
is worth noting that Carl et al.®>' found that the saturation of the
mean alignment angle can occur due to a decrease in the
average chain length, there is still room for studying micellar
alignment under shear flow in terms of scission.

In the present study, we investigate the effect of scission on
micellar alignment through detailed analysis of both alignment
and scission using molecular simulations. There are two sig-
nificant issues for solving this problem. One is the evaluation of
statistical properties of scission. Observing many scission
events requires a high computational cost. To overcome this
difficulty, we employ the dissipative particle dynamics (DPD)
method. Thanks to coarse-graining and soft repulsive interac-
tions, DPD allows us to simulate large systems for long time
scales with a low computational cost. In fact, our previous
study*®> demonstrated that DPD is suitable for evaluating the
statistical properties of micellar lifetimes. In addition, surfac-
tant and water molecules are explicitly considered in DPD
simulations. Thus we do not rely on a kinetic model for the
scission and recombination of micelles.>** The other issue is
the polydispersity of the aggregation number of micelles. When
a concentration is high enough for wormlike micelles to exist,
micelles of different sizes coexist in the solution. In addition,
the distribution changes for high shear rates due to increased
scission frequency.*” Thus statistics over all the micelles in the
system, often used in previous studies,******3¢ could demon-
strate only the combined effect of the changes in the micellar
properties and distributions. Here, we employ conditional
statistics based on the aggregation number used in our pre-
vious study.’” This analysis method separates the effect of
individual micellar properties and distributions of the aggrega-
tion number. In addition, this method allows us to directly
compare the alignment of individual micelles with that of
polymers to reveal the effect of micellar scission on alignment.
In the following, we will quantitatively show that flow-induced
scission suppresses micellar alignment even for fixed aggrega-
tion numbers.
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2. Method

2.1 DPD governing equations

In the present study, we use the DPD method to conduct
molecular simulations of nonionic surfactant solutions. In
DPD simulations, a single DPD particle represents a group of
atoms and molecules. The motion of a DPD particle obeys

dv; C D R
"”a;zZEZ:FU*’EE:FU‘¥§E:Fﬁv (1)
=) =0 T

where m; and v; are the mass and velocity of the ith particle, respectively;
and Fy, F}, and F; are the conservative, dissipative, and random forces
exerted on the ith particle by the jth particle, respectively. Note that the
bond force Fj is added in eqn (1) for surfactants and polymers. The

conservative force acts as a repulsive force in the form of

a--( — ﬁ)e-- forr; <r

C __ U ij j>"'c

Fi/ - rC (2)
0 forrl»,« > I,

where qa;; is the conservative force coefficient between the ith
and jth particles, r. is the cutoff distance, r; = r; — 1, ry; = |y,
and e;; = r;/r; with r; being the position of the ith particle. The
dissipative and random forces are expressed as

Fyp = —pwP(ry)lezvyley (v =v; — ) 3)
and
Fg = awR(rg)Byey, (4)

where y and ¢ are the dissipative and random force coefficients,
respectively; and w”(r;) and w®(r;) are the weight functions of
the dissipative and random forces, respectively. In eqn (4), 0;; is
a random variable that satisfies

04(8) = 0®) (5)
(042)) =0 (6)
(05(8)0x(t) = (dud + Sudx)(t — ') )

where ¢, is the Kronecker delta, J(¢) is the delta function, and
(-) denotes the ensemble average. The fluctuation dissipation
theorem requires that y, o, w”(r;), and w(ry) satisfy
D _ R, 2
w(ry) = w(ry)] ®)
and
0%= 29kgT, 9)
where kg is the Boltzmann constant and T is the temperature of the
system.”” Following ref. 38, we set the weight function w¥(r;) as
1=

wR(ry) = re
0 for rij > Te.

forr; <r
e (10)
In what follows, we use simulation units with kgT =m =r. = 1.

2.2 Surfactant model

The model of a nonionic surfactant molecule contains a
hydrophilic head particle and two hydrophobic tail particles.

This journal is © The Royal Society of Chemistry 2023
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Table1 DPD simulation parameters for surfactant solutions. N is the total
number of DPD particles, p is the number density of DPD particles, o is the
random force coefficient, ¢ is the volume fraction of surfactants, ks is the
spring constant, req is the equilibrium bond distance, and aj is the con-
servative force coefficient between different types of particles. The sub-
scripts indicate the types of particles; namely, h, t, and w denote head, tail,
and water particles, respectively

N p o ¢ ks Teq Gnh Gne Ghw G Gow Gww

648000 3 3 0.05 50 0.8 25 60 20 25 60 25

Three surfactant particles are connected by two harmonic
springs expressed by

Fj = —ky(ryj — req)ey, (11)

where k; is the spring constant and r.q is the equilibrium bond
distance. Table 1 shows the simulation parameters for surfac-
tant solutions. Here, N is the total number of DPD particles, p is
the number density of DPD particles, ¢ is the volume fraction
of surfactants, and g; is the conservative force coefficient
between different types of particles. The subscripts indicate
the types of particles; namely, h, t, and w denote head, tail, and
water particles, respectively. We choose ¢ = 0.05 because a
sufficient number of wormlike micelles exist in the system with
this volume fraction, as confirmed in our previous study.’?
Additionally, there is no entanglement effect in the considered
system because the mean squared displacement of surfactants
(see Fig. 6 of ref. 32) does not exhibit a power law specific to a
reptation motion.>®> DPD simulations of surfactant solutions
are performed in a cubic box of size 60 X 60 X 60.

2.3 Polymer model

In the present study, we conduct DPD simulations of polymer
solutions for comparison. We employ the fully flexible polymer
model used in the previous study.’® Linear polymer chains
consist of Ny, beads, and adjacent beads in a polymer are
connected by finitely extensible nonlinear elastic (FENE)
springs expressed by

ke (rij — req)ejj

1 - {(ri]' - rcq)/(rmax - rcq)}z7

B _
F;= (12)

where kg is the spring constant and ry,.x is the maximum bond
distance. Table 2 shows the simulation parameters for polymer

Table 2 DPD simulation parameters for polymer solutions. N is the total
number of DPD particles, N, is the number of beads in a chain, p is the
number density of DPD particles, ¢ is the random force coefficient, ¢ is the
volume fraction of polymers, kg is the spring constant, req is the equilibrium
bond distance, rmax is the maximum bond distance, and aj is the con-
servative force coefficient between different types of particles. The sub-
scripts indicate the types of particles; namely, p and w denote polymer and
water particles, respectively

N Nm 14 a ¢ kF req T'max app apw Aww

375000 50 3 3 005 40 0.7 2 25 25 25
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solutions. DPD simulations of polymer solutions are performed
in a cubic box of size 50 x 50 x 50.

2.4 Simulation details

To integrate the equations of motion, we use the modified
velocity Verlet method*® with the time step At = 0.04 and the
parameter 4 = 0.65 introduced in this algorithm. We have
confirmed that these parameters realize sufficiently accurate
temperature control. To generate a uniform shear flow, we use
the Lees-Edwards boundary condition*' and the SLLOD
equations.”” We impose a random initial configuration and
conduct equilibrium simulations for 20000 time units for
surfactant solutions and 8000 time units for polymer solutions,
achieving statistically steady values of the potential energy.
After that, we conduct non-equilibrium simulations by impos-
ing shear flow. Conditional statistics for micelles introduced in
Section 2.5 require DPD simulations for a long time to obtain
sufficiently accurate results. Thus we conduct non-equilibrium
simulations of surfactant solutions for 40000-160000 time
units depending on the shear rate.

We perform all the DPD simulations using our in-house code.

2.5 Analysis details

To evaluate individual micellar properties, we need to identify
micelles in the system. We define micelles adopting the
method used in previous studies.**** In this method, two
surfactant molecules belong to a common cluster if a hydro-
phobic particle of one surfactant molecule is within 7. (=1) of a
hydrophobic particle of the other. If a cluster has an aggrega-
tion number N,, larger than a threshold value 7, (=10), then
we regard the cluster as a micelle. Since we focus mainly on
micelles with N,; 2 50, our results are practically insensitive to
the choice of 7n;c.

To investigate N,, dependence of micellar properties, we use
conditional statistics based on N,, instead of statistics over all
the micelles in the system. Specifically, to evaluate the micellar
properties for given N, we use the data for micelles having
aggregation numbers that lie in [N,y — AN,g,N,g + AN,,], where
we set ANyg = 0.05N,,. In the following, the micellar orientation
angle is conditioned by instantaneous N,q, whereas the micellar
lifetime is conditioned by the value of N, before scission.

3. Results

One of the most intriguing observations in the present study is
that flow-induced scission, which occurs for high shear rates,
suppresses micellar alignment in the flow direction even for
fixed aggregation numbers N,,. To quantitatively demonstrate
the effect of scission on micellar alignment, we evaluate the
shear-rate dependence of the micellar lifetime and alignment.

3.1 Alignment

In this subsection, we examine the micellar alignment under
shear flow. First, we define micellar orientation angles. In the
present study, we define the micellar direction as the

Soft Matter, 2023,19, 4323-4332 | 4325
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(a) )

Fig. 1 Eigenvector e of the gyration tensor G corresponding to the
largest eigenvalue for (a) Nog = 300 and (b) N,g = 500. Hydrophilic and
hydrophobic particles are indicated in red and yellow, respectively.

eigenvector eV of the gyration tensor Gy corresponding to
the largest eigenvalue. Here, G;; is defined as

Nsur

NSUT;

G,",' = A}’/\»r,'AVk_j, (13)

where Ary; is the ith component of the relative position vector
of the kth surfactant particle with respect to the center of mass
of the micelle, and Ny, (=3N,g) is the number of surfactant
particles in the micelle. Fig. 1 shows the micellar structures and
the corresponding e'’). We confirm that el represents the
global orientation of micelles. Since micelles form branched
structures more often as N,, increases (see Fig. 12 of ref. 32), it
may also be important to consider the local orientation of
branched micelles as shown in Fig. 1(b). However, for simpli-
city, we investigate the global alignment using e in the
following. Fig. 2 shows the definition of micellar angles 0 and
¢. To investigate micellar alignment in the flow direction, we
focus on . Note that ¢ € [—n/2, 1/2) because eV is equivalent
to —e in our definition.

A key point of our analysis is that we rely on conditional
statistics based on N, instead of statistics over all the micelles
in the system. The inset of Fig. 3 shows the probability density
function (PDF) P(N,,) of N,, for the shear rate j = 0.005. Note
that the temporally averaged values are shown. We find that
micelles of various sizes coexist in the system for the consid-
ered volume fraction ¢. Fig. 3 shows the PDF P(¢) of ¢ for
various N,., which demonstrates that the statistical properties

y<

Fig. 2 Definition of angles 6 and ¢ of micelles. The micellar direction is
defined as the eigenvector e of the gyration tensor Gj; corresponding to
the largest eigenvalue.
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Fig. 3 PDF P(¢p) of the orientation angle ¢ for j = 0.005. Different curves
correspond to different values of the aggregation number: N4 = 70, 100,
200, and 400 from thinner (and darker) to thicker (and lighter) lines. The
inset shows PDF P(N,g) of N,q for 7 = 0.005. The vertical black dashed line
indicates the mean orientation angle ¢ defined by eqn (14), and the vertical
dotted red line indicates the conventional mean orientation angle yg
defined by eqn (15) for N,g = 400.

of micellar alignment significantly depend on N, for given 7.
Therefore, the analysis using the information on all the
micelles in the system, as conducted in previous studies,*®*°
reflects not only individual micellar dynamics but also the
distribution of N,.. In particular, since P(N,,) for high shear
rates greatly differ from that at equilibrium due to flow-induced
scission (see Fig. 10 of ref. 32), this change in P(N,g) compli-
cates the interpretation of the results. We overcome this
difficulty using conditional statistics based on N, defined in
Section 2.5, which enables us to investigate the alignment
properties of individual micelles.

In the following, we characterize y dependence of micellar
alignment with a mean orientation angle. Note that given a set
of n angles {p1, ¢z, ..., @n}, the arithmetic mean i(pi/n is

i=1
inappropriate as a mean orientation angle due to the periodi-
city of ¢;. For instance, the arithmetic mean of ¢, = /2 — ¢ and
@, = —m/2 + ¢ is zero even when ¢ « 1, which is misleading
because ¢; ~ ¢, ~ 7m/2 modulo n. Here, we define a mean
orientation angle ¢ as

(14)

where arg (-) denotes the argument of a complex number.*’

Doubling ¢; leads to 2¢; € [—n, n). Instead of the arithmetic

mean of 2¢;, we consider that of > to avoid the problem due

to the periodicity. Then we obtain ¢ by dividing the mean
n .

direction arg (Z ez"”f/n) of 2¢; by 2. We show ¢ of micelles

i=1
with N,¢ = 400 for j = 0.005 by a vertical black dashed line in
Fig. 3 as an example. It verifies that ¢ is a characteristic angle of
wormlike micelles. For comparison, we also show the conven-
tional mean orientation angle y'”"*® defined by

2G,,

Gxx -

Gy (15)

tan(2yg) =

This journal is © The Royal Society of Chemistry 2023
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in Fig. 3. We observe that ¢ and g show similar values. Thus
the definition of the mean orientation angle has little effect on
the following results.

Fig. 4 shows j dependence of ¢ for various N, Two
important features are evident in this result. First, N,, depen-
dence of ¢ for fixed j indicates that there exists a threshold
aggregation number N, above which ¢ remains constant. For
Nag =300, ¢ collapses on a single function of } irrespective of
Nyg. In contrast, ¢ of micelles with N,; < 130 decreases as
N, increases for fixed 7. These observations indicate that the
longest relaxation time of micelles increases with N,, for Ny < Ny
and remains constant for N, 2 Na. We will explain how to
evaluate the values of the longest relaxation time and N, in
Section 4. Second, 7 dependence of ¢ for fixed N,, exhibits a
nonmonotonic behavior. Here, we explain this nonmonotonic
dependence focusing on the results for N,, > 300. For
7 < 0.005, ¢ decreases as 7 increases, indicating that micelles
align more in the flow direction for lager y. In contrast, for
7 > 0.005, ¢ decreases more slowly and slightly increases for
7 = 0.02. This is an intriguing phenomenon because ¢ of
polymers monotonically decreases as j increases, as described
below (see Fig. 8). Interestingly, the saturation of alignment was
also reported for amphiphilic Janus colloids,*” which suggests
the general alignment behavior of self-assembled clusters. In
the next subsection, we will explore the origin of the alignment
behavior by evaluating the micellar lifetime under shear flow.

Before closing this subsection, we refer to the results with-
out using conditional statistics. We define & as @ obtained with
eqn (14) using all the data for micelles with N,, > 50. In Fig. 4,
we show @ as a function of j. In the case of the examined
parameters, since a sufficient number of micelles with
N,y X N, exist in the system, ¢ for N,; 2 Na and & exhibit
similar behavior. Specifically, @ does not decrease toward zero
when increasing 7, which was also observed in a previous
study®’ modeling linear micelles as breakable bead-spring
chains. However, due to the contributions from micelles with
Nug < Ny, @ is larger than ¢ for Ny, X Na. In summary, since ®
depends on P(N,,), interpretation of & may not be

/4
<o
g o
o
|S-7/8} u M o &0 S o
6 aua 8
b . .
1073 1072 107!
v

Fig. 4 Mean orientation angle @ of micelles as a function of the shear rate
7 for Nag = 70 (), 90 (=), 130 (v), 300 (@), 400 (m) and 500 (A). For
comparison, @ defined as @ obtained with all the data for micelles with
Nag = 50 is plotted (0).
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straightforward, especially when comparing results between
different parameters.

3.2 Effect of scission

In the previous subsection, we have seen that ¢ of wormlike
micelles exhibits a nontrivial dependence on j. To reveal its
origin, we investigate the effect of scission on micellar align-
ment. To quantitatively evaluate micellar scission, we focus on
the micellar lifetime ¢, defined as the time between micellar
birth and scission. We estimate a survival function S(t), which
gives the probability that micelles survive beyond a certain time
ts, using the Kaplan-Meier method.*® Then, we fit S(#,) with
Co exp(—tp/1p) to obtain the average lifetime t1,. The definition
of micellar scission and the method to evaluate 7y, are the same
as in our previous study.*” In this subsection, we will show the
results of micelles with N, larger than N, because more than
65% of surfactants in the system belong to micelles with
Nag 2 Nj at equilibrium. In addition, micelles with N,z 2 Np
have the slowest timescale in the system as described in Section
4. In other words, they align most in the flow direction. We will
discuss the alignment of micelles with N, < N, in Section 4.

To explore the relationship between alignment and scission,
we show j dependence of ¢ and 1}, for various N, (>N,) in
Fig. 5. To focus on the flow effect, we normalize 7}, by the value
1y at equilibrium for given N,,. We find that 7,/tp also follows a
single function of j irrespective of N,z (>N,) as well as ¢. The
bottom panel of Fig. 5 demonstrates that tp/tp ~ 1 for
7 < 0.005, indicating that flow-induced scission does not occur,
whereas 1,/7f, < 1 for 2 0.005 due to flow-induced scission.
We show this threshold shear rate j. (=0.005) for flow-induced
scission in Fig. 5 to emphasize the effect of flow-induced
scission. The top panel of Fig. 5 demonstrates that the
alignment behavior changes around j.. This indicates that

/4
9
| ﬁ
[S-7/8F . W - .'
: [
il ea @
3= . |
E 0.5t .
: ]
of A | B
1073 1072 1071
Yy

Fig. 5 Shear-rate 7 dependence of the mean orientation angle ¢ (top
panel) and the average lifetime 1, (bottom panel) normalized by the value
2 at equilibrium for Nag = 300 (@), 400 (m). and 500 (A). The black dotted
line indicates 7 = 7.. Open symbols in the top panel indicate the results of
the larger system (N = 3000 000).
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flow-induced scission, which occurs for 2 7j., suppresses
micellar alignment. It is worth emphasizing that Fig. 5 shows
@ of micelles with a given N,, obtained with conditional
statistics instead of the average values over all the micelles.
Thus, the increase in the number of small micelles due to flow-
induced scission cannot explain the suppression of alignment.
Although the present study focuses on the relationship between
alignment and scission of micelles under shear flow, their
effect on the rheological properties is an important aspect. In
our previous study,®® we have shown that the considered
solutions have viscoelasticity and exhibit shear thinning. In
this system, both alignment and flow-induced scission contri-
bute to the shear thinning. Constitutive models based on the
microscopic dynamics and kinetics of micelles (e.g. ref. 49) will
allow a systematic study on the effect of alignment and flow-
induced scission on the rheological properties, which is an
important near-future study.

To confirm whether finite system sizes affect micellar
alignment, we show the results of the system composed of
N = 3000000 particles in Fig. 5. Since these results agree with
those of N =648 000, finite system sizes have little effect on the
micellar alignment. In the next section, we demonstrate that
the nontrivial y dependence of ¢ (Fig. 5) is specific to wormlike
micelles by conducting a similar analysis for polymer models
without scission.

Before closing this subsection, we refer to the orientational
dynamics of micelles before scission. To observe the typical
dynamics of micelles before scission, we show ¢ of micelles
that survive for O(t},) as a function of time ¢ — ¢* in Fig. 6. Here,
7 = 0.01, and ¢* is the time when scission occurs. Since 1y, is
smaller than the rotational relaxation time 7, for N, = 300 as
described in Section 4.1, ¢ does not exhibit significant varia-
tions. This is evident by observing that ¢ of micelles with
N,g = 130, for which 1, 2 1, fluctuates between —n/2 and m/2
before scission. Consequently, micellar recombination plays an
essential role in the distribution of ¢ when 1, < 7,. Thus itisan
important near-future study to investigate micellar alignment
in terms of recombination.>*%>"

/2
/4
S- 0
—7r/4é [
|
T2 Th0 =800 =300 =100 0
t—t*

Fig. 6 Orientation angle ¢ of micelles that survive for O(z,) as a function
of time t — t* before scission for j = 0.01. Different colors correspond to
different values of N4 black, 130; red, 300. Different line styles corre-
spond to different samples of micelles.
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4. Discussion
4.1 Comparison with polymers

Comparing the mean orientation angle ¢ with the average
lifetime 7, has demonstrated that flow-induced scission sup-
presses micellar alignment (Fig. 5). Here, we compare the
alignment of micelles with that of polymers to demonstrate
the unique properties of micellar alignment.

Since wormlike micelles and polymers have different time-
scales, we introduce the Weissenberg number Wi = 7} defined
as the product of the longest relaxation time t and the shear
rate j. We estimate 7 of polymers by fitting the autocorrelation
function C(#) of the end-to-end vector with an exponential
function Cpexp (—t/7).*> We obtain 7 = 148 in the case of the
examined parameters.

We evaluate the longest relaxation time 7(N,,) of unen-
tangled micelles from the rotational relaxation time 7,(N,g)
and the average lifetime 7,(N,g). Specifically, we use the for-
mula

‘E(Na ) _ {Tr(Nﬁg) (Nag < N/\) (16)

TA (Nag ZNA)

proposed in our previous study.**> Here, we introduce a certain
aggregation number N, which satisfies 7,(Na) = t(NA) and
define 7, as 7,(Na). Fig. 7 shows the schematic of the longest
relaxation time. In general, 7, is a monotonically increasing
function of Nﬂg.32 However, relaxation modes such that
T(Nag) >Tp(Nag) disappear due to the scission of micelles.
Therefore, the intersection of 7,(N,,) and t,(N,,) determines
the largest timescale in the system. In other words, N, defines

Tr TA

>
>

Nag

Fig. 7 Schematic of the longest relaxation time of micelles. The inter-
section of the rotational relaxation time 7, and the average lifetime 1,
defines 75 and Nj. Since 1y, is larger than 1, for Nog < Nj, the rotational
relaxation of micelles is not affected by their scission. In contrast, relaxa-
tion modes such that 7, 2 1, disappear due to the rapid scission of large
micelles with Nag 2 Na. As a result, micelles with N,y 2 N, are char-
acterized by a common longest relaxation time 4.
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the largest segment that behaves similarly to polymer chains
(i.e., chains without scission kinetics). Consequently, micelles
with N,e 2 Na have a common longest relaxation time t,. This
is consistent with the fact that ¢ and 7/t are independent of
Nag (> N,) for fixed j (Fig. 5). The methods to evaluate 7, and 1,
are the same as in our previous study.*” We obtain (70) = 72,
7(90) = 203, 7(130) = 586, 7(300) = 7(400) = 7(500) = 75 = 796 and
Ny = 169.

Fig. 8 shows Wi dependence of ¢ for polymers and micelles.
We confirm that ¢ of polymers obeys ¢ oc Wi~ >*® for Wi > 1. A
similar power law was reported in previous studies,'®*%>>3
with a slightly different definition of a mean orientation angle.
It is interesting to focus on the threshold Weissenberg number
Wi, = 147, for flow-induced scission of micelles with Nz 2 Nj.
The alignment behavior of micelles with N, = N, deviates
from that of polymers above Wi.. Two important features are
evident in this result. First, we confirm that ¢ of wormlike
micelles and polymers collapse on a single function of Wi for
Wi < Wi, indicating the similar alignment behavior of worm-
like micelles and polymers when flow-induced scission does
not occur. In addition, this collapse verifies that eqn (16)
proposed in our previous study’> yields a quantitatively valid
value of 7(N,g). Second, wormlike micelles have larger values of
@ than polymers for Wi > Wi, indicating that flow-induced
scission suppresses micellar alignment compared with
polymers. So far, we have mainly focused on micelles with
N,y 2 Na. Here, we investigate the alignment of micelles with
Nag S Nj in a similar way. Fig. 8 demonstrates that ¢ of
micelles with N,;, < Nj collapse on the same function for
Wi < Wi.. This collapse shows that we can consider Ny,
dependence of ¢ shown in Fig. 4 by using eqn (16). Similarly
to micelles with N,y 2 Ny, @ of micelles with N,z < N, is larger
than that of polymers for Wi > Wi,.. Thus, the alignment of
micelles with N, < N, is also suppressed for high shear rates.
However, since ¢ has different values depending on N, for
fixed Wi (2 Wi.), more detailed investigations are required to
explain the degree of the alignment suppression. In the follow-
ing, we again focus on the alignment of wormlike micelles with

10—1 L

1 10 10?

Fig. 8 Mean orientation angle ¢ as a function of the Weissenberg number
Wi for polymers (O) and micelles: N,g = 70 (), 90 («), 130 (v), 300 (@),
400 (m) and 500 (A). The vertical black dotted line indicates Wi = Wi.. The
black dashed line indicates ¢ oc Wi=%4%.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper
Nag Z Nj, which are characterized by a common longest
relaxation time 7.

We also confirm the suppression of micellar alignment
through visualization of wormlike micelles and polymers for
given Wi. For surfactant solutions, we define the Weissenberg
number of the system as Wi = 1,7. We first focus on the
alignment of wormlike micelles and polymers for Wi < Wi,
where flow-induced scission of micelles does not occur.
Fig. 9(a) shows micelles with 200 < N,, < 600 for Wi = 2.4,
and Fig. 9(c) shows some polymers which are randomly chosen
for Wi = 3.0. They exhibit a qualitatively similar alignment
behavior for Wi < Wi.. Incidentally, since surfactants consist
of three DPD particles, micelles are slightly thicker than poly-
mers. Indeed, the mean end-to-end distance of surfactants
gives a rough estimate of the micellar radius R ~ 1.43. Using
longer surfactant models will reveal the effect of micellar
thickness on alignment.

Next, we investigate their alignment for Wi 2 Wi, where
flow-induced scission occurs. Fig. 9(b) shows micelles with
200 < N,y < 600 for Wi = 48, and Fig. 9(d) shows some polymers
which are randomly chosen for Wi = 44. Note that, for clarity,
we use the data for ¢ = 0.1 in Fig. 9(b) because the number of
micelles with 200 < N,, < 600 significantly decreases for large
Wi due to flow-induced scission. We have confirmed that
wormlike micelles exhibit similar alignment properties for
¢ = 0.1 as in the case of ¢ = 0.05. We observe in Fig. 9(d) that
polymers considerably align in the flow direction, whereas
wormlike micelles slightly tilt from the flow direction in
Fig. 9(b). These observations are consistent with the quantita-
tive results shown in Fig. 8. We then conclude that visualization
also demonstrates the suppression of micellar alignment for Wi
2 Wi.. In the next subsection, we consider the mechanism of

Wi < Wi,

Wi > Wi,

(a)

Surfactant

()

Polymer

Fig. 9 Visualization of micelles with 200 < N,q < 600 for (a) Wi = 2.4 and
(b) Wi = 48, and polymers for (c) Wi = 3.0 and (d) Wi = 44. Hydrophilic and
hydrophobic particles are indicated in red and yellow, respectively (a and
b). The number N, of beads in a polymer is 50, and some of the polymers
in the system are shown for clarity (c and d). The volume fraction ¢ of
surfactants and polymers is (a, ¢ and d) 0.05 and (b) 0.1.
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0.4

103

Nag

Fig. 10 Difference between the mean orientation angle ¢ and its average
@i/\ over micelles with N,g > N, as a function of N,q. Different symbols

denote the results for different values of the shear rate: 7 = 0.003, @®;
0.005, m; 0.02, A; 0.05, v. Solid lines indicate the results for 7 < . and
dashed lines indicate those for 7 > 7.. The vertical black dotted line
indicates N, at equilibrium.

the suppression of micellar alignment focusing on the effective
longest relaxation time under shear flow.

4.2 Effective longest relaxation time

We have shown that, for high shear rates, flow-induced scission
occurs (Fig. 5) and suppresses micellar alignment compared
with polymers (Fig. 8 and 9). This subsection demonstrates that
flow-induced scission suppresses micellar alignment for fixed
N, by reducing the effective longest relaxation time. As men-
tioned above, we focus on micelles with N, = Na. Such
micelles have a common longest relaxation time 7, and exhibit
the most significant alignment of all the micelles in the system.

Let us now demonstrate that the decrease in the effective
longest relaxation time 7, causes the suppression of micellar
alignment for high shear rates. Here, we propose a scenario
that flow-induced scission reduces 7, for y 2 7. and then shifts
75 and N, shown in Fig. 7 towards lower values. To verify this
scenario, we focus on the fact that micelles with N, 2 N, are
characterized by a common longest relaxation time t5. On the
basis of this fact, we investigate whether N, changes for j 2 7.
to confirm the reduction of 7. Fig. 10 shows ¢ as a function of
N, for various j. Note that, for clarity, we subtract the average
value @y, —over micelles with N,y > N from ¢ for each j. In

Fig. 10, we show N, at equilibrium by a vertical dotted line for
comparison. For y < 7., the behavior of ¢ changes around Ny.
For N,z < Nj, ¢ depends on N,, because the micellar align-
ment is characterized by 7,(N,.). In contrast, since 7, is a
common longest relaxation time of micelles with N,z = Ny, ¢
is independent of N,g for N,y 2 Na. Most notably, for y > j,
the plateau regime of ¢ extends to a lower N, as } increases.
This indicates that N, decreases as 7 increases. In other words,
the effective longest relaxation time also decreases for j > 7.
We, therefore, conclude that flow-induced scission promotes
micellar scission and reduces the effective longest relaxation
time 74, leading to the suppression of micellar alignment even
for fixed Nag.
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5. Conclusions

We have conducted DPD simulations of nonionic surfactant
solutions under shear flow to investigate the effect of scission
on the alignment of wormlike micelles. The most important
conclusion is that flow-induced scission suppresses micellar
alignment even for fixed aggregation numbers N,,. One may
think that the suppression is obvious because flow-induced
scission shortens micelles, i.e., decreases N,,, thus promoting
their rotational relaxation. However, we emphasize that the
suppression of micellar alignment can occur even for fixed N,g.
We have verified the conclusion by evaluating the shear-rate
7 dependence of the average lifetime 75, and the mean orienta-
tion angle ¢ for fixed N,q (Fig. 5). Specifically, when j exceeds a
threshold shear rate 7., 7, becomes smaller than the value t{ at
equilibrium and ¢ does not show such a decrease as when
7 < 7. Comparing the alignment of micelles with that of
polymers (i.e., chains without scission kinetics) has provided
further evidence that flow-induced scission suppresses micellar
alignment for fixed N, (Fig. 8). To introduce the Weissenberg
number Wi = 17 defined as the product of the longest relaxation
time 7 and 7, we have evaluated 7 of micelles using the method
proposed in our previous study.*” This method, which consid-
ers the effect of scission kinetics on micellar relaxation, has
allowed us to compare the alignment of micelles and polymers
appropriately. When Wi is smaller than the threshold Weissen-
berg number Wi. = t). for flow-induced scission, ¢ of both
micelles and polymers follows a single function of Wi. This
collapse indicates the similar alignment behavior of micelles
and polymers when flow-induced scission does not occur. In
contrast, ¢ of micelles is larger than that of polymers for
Wi 2 Wi, Such deviation of ¢ above Wi, confirms that flow-
induced scission suppresses micellar alignment for fixed Ngg.
Visualization also has shown that wormlike micelles tilt more
from the flow direction than polymers for given Wi (2 Wi,)
(Fig. 9).

To explain the mechanism of the alighment suppression
due to flow-induced scission, we have considered the effective
longest relaxation time of micelles. Then we have demonstrated
that the decrease in the effective longest relaxation time due to
flow-induced scission plays a crucial role in suppressing micel-
lar alignment. The concept of the micellar longest relaxation
time (Fig. 7) predicts that the reduction of 7, due to flow-
induced scission decreases the effective longest relaxation time
7o under shear flow. We have verified this prediction by
evaluating N,, dependence of ¢ (Fig. 10). According to the
concept, when N, is larger than a certain aggregation number
Ny, micelles are characterized by a common longest relaxation
time 7. Indeed, we have found that when j is smaller than 7., @
is independent of N,, for N,; = Na. In contrast, for y X j., the
plateau regime of ¢ extends to a lower N, as } increases. This
observation shows that flow-induced scission reduces N, and
consequently reduces the effective Weissenberg number
Wi = 7,7 of wormlike micelles with fixed N,y (X Nx) compared
with the case without flow-induced scission, which is a major
origin of the alignment suppression.
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In the present study, we have quantitatively shown that flow-
induced scission suppresses micellar alignment even for fixed
N, and qualitatively explained the mechanism of this phenom-
enon through the decrease in the effective longest relaxation
time under shear flow. However, we have yet to quantitatively
explain the alignment behavior of micelles for Wi 2 Wi., where
flow-induced scission occurs. For example, it is not completely
clear why ¢ exhibits the nonmonotonic dependence on Wi
(Fig. 8). To explain the degree of alignment suppression, we
first need to quantify the effective longest relaxation time. In
addition, it is likely that we need to consider the direct coupling
between the orientational dynamics and scission kinetics of
individual micelles under shear flow. These are left for future
studies.
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