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Hypothesis: Understanding the scission of rod-like micelles under mechanical forces is crucial for optimizing 
their stability and behavior in industrial applications. This study investigates how micelle length, flexibility, and 
external forces interact, offering insights into the design of micellar systems in processes ifluenced by mechanical 
stress. Although significant, direct experimental observations of flow-induced micellar scission using scattering 
techniques remain scarce.
Experiments and Simulations: Small angle neutron scattering (SANS) is used to explore the shear response of 
aqueous cetyltrimethylammonium bromide (CTAB) solutions with sodium nitrate. Rheological tests show shear 
thinning with no shear banding, ensuring a uniform flow field for reliable interpretation of scattering data. As 
shear rate increases, the scattering spectra show angular distortion, which is analyzed using spherical harmonic 
decomposition to characterize flow-induced scission and micelle orientation under shear.
Findings: Two analysis steps are used: a model-independent spectral eigendecomposition reveals a decrease in 
micellar length, while regression analysis quantfies the evolution of the length distribution and mean length 
with shear rate. Additionally, micelle alignment increases with shear, quantfied by the orientational distribution 
function. These findings provide experimental evidence for flow-induced alignment and scission, offering a new 
framework for understanding shear-induced phenomena in micellar systems.
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1. Introduction

The structural and dynamic behavior of elongated, rod-like micelles 
under shear flow is fundamental to understanding the fluid dynamics 
and material properties of colloidal and self-assembled systems, which 
play a pivotal role in fields such as nanomedicine, catalysis, and environ
mental science. These systems exhibit unique, flow-sensitive properties, 
making the study of their deformation and transformations under shear 
crucial for advancing colloid and interface science. This understanding 
has far-reaching applications in industries such as food processing, poly
mer manufacturing, and drug delivery.

One significant flow-induced phenomenon in cylindrical micellar 
systems is the reduction in contour length, which directly affects the 
distribution and alignment of micelles. This, in turn, leads to changes in 
viscosity, elasticity, and shear-thinning behavior, profoundly ifluenc
ing the macroscopic rheological properties of micellar solutions.

Computational and theoretical studies [1--18] have provided valu
able insights into the molecular mechanisms underlying micellar scis
sion and its structural consequences. These contributions are critical 
for predicting micellar behavior under flow and for designing systems 
with tailored rheological properties in industrial applications. Along
side these advances, small-angle neutron scattering (SANS) has emerged 
as an indispensable experimental technique for probing the structural 
properties of elongated micelles. SANS complements molecular simu
lations by providing detailed experimental data on the conformational 
properties of cylindrical micelles, particularly in equilibrium systems 
[19].

Building on the pioneering work of Hayter and colleagues [20--22], 
extensive efforts have been made to investigate the non-equilibrium 
conformations of elongated micelles under mechanical forces, primarily 
through rheo-SANS experiments [11,23--39]. These studies have signifi
cantly advanced our understanding of micellar alignment and its effects 
on rheological properties. However, the direct observation and quan
titative analysis of micellar scission—a key process for understanding 
flow behavior—remains elusive, despite decades of research.

The primary challenge lies in disentangling the scattering signature 
of micellar scission from the broader spectral anisotropy caused by fac
tors such as orientational and length distributions. These complexities 
arise from the interplay between thermodynamic forces and fluid me
chanical interactions that drive micellar systems out of equilibrium. 
Addressing this challenge remains a central research objective, as high
lighted by recent studies [39].

In this work, we present a robust spectral analysis framework based 
on spherical harmonic decomposition to study the small-angle scattering 
intensity prfiles of rod-like cetyltrimethylammonium bromide (CTAB) 
micelles under shear. Using the mathematical principles of orthogonal 
basis expansion, the collected spectra are decomposed into spherical 
harmonic components, which are eigenfunctions of angular momen
tum operators and well-suited for analyzing orientational distortions 
[40,41]. This approach effectively isolates the isotropic scattering in
tensity component, 𝐼00 (𝑄), enabling the direct quantification of micellar 
length variations and their evolution under flow. Spherical harmonic 
components with low angular symmetry provide insights into the mi
cellar orientation distribution function, revealing hydrodynamic effects 
on these rod-like micelles.

Our results demonstrate that increased shear rates induce a distinct 
spectral anisotropy and a reduction in 𝐼00 (𝑄) within the flow-velocity 
gradient plane, with angular asymmetry emerging at shear rates above 
500 s−1. The decrease in the isotropic component, along with the ob
served mirror asymmetry, suggests scission events that alter the col
loidal stability and polydispersity of micelles in response to the applied 
flow fields. This reduction in the isotropic component rflects a decrease 
in effective micellar length, while the asymmetry indicates the align
ment of micelles. Using the Schulz distribution model, we capture the 
statistical distribution of micellar lengths, showing a decrease from an 
average of 400 Å at rest to 150 Å under high shear of 3000 s−1 . Ad

Fig. 1. Steady-shear viscosity measurements as a function of shear rate (𝛾̇) over 
a range of 1 s−1 to 1000 s−1. Each data point represents an average over a 
3-minute interval. In the concentration and temperature ranges of interest for 
SANS measurements, no significant time-dependent fluctuations or oscillations 
in the measured stress were observed, indicating the absence of shear banding, 
vorticity banding, or elastic instabilities under the applied flow field.

ditionally, the alignment of rod-like micelles is progressively enhanced 
with increasing shear rates.

This quantitative framework provides a robust methodology for 
studying shear-induced transformations in soft matter systems, offering 
new insights into the relationship between flow dynamics and micellar 
structure. Beyond advancing our understanding of micellar behavior, 
this work establishes a foundation for exploring structural evolution in 
colloidal systems under deformation. These insights have broad implica
tions for materials science, catalysis, and other areas of applied colloid 
science.

2. Materials and rheology

Solutions were prepared by weighing CTAB (cetyltrimethylammo
nium bromide, as-received, 99% purity, MilliporeSigma) and sodium 
nitrate (NaNO3, as-received, 99% purity, MilliporeSigma) in pure wa
ter at specfied molar concentrations with a constant molar ratio of 
NaNO3:CTAB of 3:1. For simplicity, the concentration identfied in the 
text and figures refer to the surfactant molar concentration (e.g. 30 mM 
refers to 30 mM CTAB with 90 mM NaNO3). Samples were prepared 
in ultra-purified water (H2O, 18.2 MΩ-cm resistivity) for rheological 
characterization, and were prepared in deuterated water (D2O, 99.9% 
purity, Cambridge Isotope Laboratories, Inc.) to provide suitable coher
ent contrast for small angle neutron scattering measurements. Samples 
were mixed in a heated incubation shaker at 40 ◦C for several hours 
until the solution was visibly clear and homogeneous. No visible pre
cipitation was observed when operating at or above 25 ◦C, but delayed 
crystallization was observed if the solution was kept at 20 ◦C or less 
(meta-stable region). Thus, the rheology and scattering measurements 
were performed in the apparent thermodynamic stable region at 25 ◦C 
(Fig. 1).

Rheological measurements were performed using a strain-controlled 
ARES-G2 rheometer (Waters-TA Instruments) equipped with a rotating 
concentric cylinder sample geometry (30 mm ID aluminium cup, 29 mm 
OD stainless steel bob), advanced Peltier system for accurate tempera
ture control to within 0.1 ◦C of the setpoint, and a wate-filled solvent 
trap to minimize water evaporation throughout repeated measurements. 
The steady-shear viscosity was measured both in the increasing and de
creasing shear rate (𝛾̇), spanning from approximately 1 s−1 to 1000 
s−1 with an approximate 3 minute averaging period at each point. In 
the concentration and temperature ranges of interest for SANS mea
surements, the measured stress did not show any large time-dependent 
fluctuations or oscillations, which would otherwise be indicated of shear 
banding, vorticity banding, or elastic instabilities due to the imposed 
flow field.
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Fig. 2. Schematic of the SANS experiment conducted under Couette geometry. The directions of flow (𝑣), velocity gradient (∇𝑣), and vorticity (∇× 𝑣) are indicated 
as 1, 2, and 3, respectively. Two-dimensional SANS spectra were acquired in the flow–velocity gradient plane (1−2 or ∇𝑣−𝑣).

The relaxation time is dfined as Λ = 2𝜋𝜔−1
𝑐

, where 𝜔𝑐 (rad/s) is the 
interpolated crossover frequency in the linear viscoelastic regime. In the 
examined case, Λ = 0.10 ± 0.04 s at the measured surfactant concen
tration (34 mM CTAB) and temperature (25 ◦C). This value is similar to 
previous studies [42]. The dimensionless Weissenberg number (Wi) is 
dfined as 𝑊 𝑖 = Λ𝛾̇ , which is later plotted on the x-axis in place of the 
shear rate to enable better comparison with other rod-like or worm-like 
micelle systems that have different longest relaxation times.

3. Small angle neutron scattering experiment

The microscopic structure of the sheared micellar solution was inves
tigated using flow-SANS measurements with the 1-2 shear cell Couette 
flow geometry [43]. The experimental design was structured around 
three principal directions aligned with the applied shear flow: the flow 
direction (𝐯, referred to as the 1-direction), the velocity gradient di
rection (∇𝐯, referred to as the 2-direction), and the vorticity direc
tion (𝐱 = ∇ × 𝐯, referred to as the 3-direction). SANS measurements 
were conducted in the flow–velocity gradient plane (𝐯--∇𝐯, or the 1--2 
plane), as this plane provides the most critical insights into the rela
tionship between flow-induced structural changes and shear viscosity 
[44]. The CTAB concentration and temperature were maintained at con
stant values of 34 mM and 25 ◦C, respectively, throughout all SANS 
measurements. The system was selected to be in the dilute regime, 
where inter-micellar spatial correlations are negligible. We also have 
ensured that at the highest shear rate probed within the 1-2 shear 
cell, the flow behavior remains laminar as both dimensionless Reynolds 
number (Re) and Taylor number (Ta) dfined for Taylor-Couette flow 
geometry with a rotating inner cylinder as 𝑅𝑒 = 𝑣𝑖𝜌𝑑𝜂−1 ≈ 500, and 
𝑇 𝑎 = 𝑑1∕2𝑅−1∕2

𝑖
𝑅𝑒 ≈ 70 remain below the critical onset values known 

for inertia-driven turbulence (𝑅𝑒 < 2000 and 𝑇 𝑎 < 200). Here, 𝑣𝑖 is the 
characteristic angular velocity of the moving inner wall (𝑣𝑖 = 3 m s−1 at 
the maximum examined shear rate), 𝑅𝑖 is the exterior radius of the mov
ing inner wall (𝑅𝑖 = 0.051 m), 𝑑 is the gap between the inner and outer 
wall where the sample resides (𝑑 = 0.001 m), 𝜌 is the density of the sam
ple (𝜌 = 1100 kg m−3), and 𝜂 is the sample viscosity (𝜂 = 0.0065 Pa s at 
the maximum examined shear rate).

By focusing on the 1-2 plane, the experiment facilitates a more de
tailed analysis of how shear ifluences the microstructure, which in turn 
affects the rheological properties of the system.

The SANS experiments were conducted using the D22 diffractometer 
at the Institut Laue-Langevin (ILL). The instrument provides an exten
sive dynamic range, making it well-suited for these measurements. Data 
acquisition was performed with a collimation distance of 17.6 m and a 
source aperture of 40 mm in diameter, utilizing a neutron wavelength of 
6 Å. No beam stop was employed due to the low beam intensity, which 
resulted from the use of a 3 mm×0.75 mm sample slit aperture to probe 

the flow-gradient velocity plane of the shear cell. A schematic illustra
tion of the experimental setup is presented in Fig. 2.

The scattering vector magnitude is dfined as 𝑄 = 4𝜋𝜆−1 sin(Θ∕2), 
where 𝜆 is the neutron wavelength and Θ is the scattering angle. To 
cover the full range of scattering vector magnitudes, two measurements 
were performed while maintaining a constant collimation distance. The 
first measurement used the back detector positioned at 17.6 m, cover

ing a 𝑄 range from 0.0025 Å−1
to 0.04 Å−1

. The second measurement 
utilized the side detector placed at 1.4 m, centered around the neutron 
beam, covering a 𝑄 range from 0.02 Å−1

to 0.43 Å−1
. Data reduction 

was performed with Grasp following the standard procedure and using 
the direct beam to provide the absolute scale [45].

4. Results and discussion

4.1. Basis decomposition of scattering spectra through real spherical 
harmonic expansion

The coherent scattering intensity distribution of mechanically driven 
CTAB micellar systems, which exhibit cylindrical symmetry, is known 
to display angular asymmetry under flow. The anisotropic scattering 
intensity, 𝐼(𝐐), can be expressed as a linear expansion in terms of real 
spherical harmonics (RSH):

𝐼(𝐐) =
∑
𝑙,𝑚 
𝐼𝑚
𝑙
(𝑄)𝑌 𝑚

𝑙
(𝜃,𝜙), (1)

where 𝑌 𝑚
𝑙
(𝜃,𝜙) denotes the RSH of degree 𝑙 and order 𝑚, with 𝜃 and 

𝜙 representing the polar and azimuthal angles in reciprocal space, re
spectively. In general, 𝐼(𝐐) is a three-dimensional function expressed in 
spherical coordinates, complicating the direct reconstruction of the full 
intensity distribution from a two-dimensional scattering spectrum.

However, by exploiting the symmetry imposed by shear flow and 
defining 𝜃 as the angle between 𝐐 and the flow direction (the 𝑥-axis), 
this complexity can be reduced. A suitable rotational transformation 
restores axial symmetry to 𝐼(𝐐). Under these conditions, the scatter
ing intensity depends solely on 𝑄 and the polar angle 𝜃, eliminating 
the dependence on the azimuthal angle 𝜙. Consequently, only terms 
with 𝑚 = 0 contribute in Eqn. (1), reducing the RSH expansion to a 
series of Legendre polynomials. This simplfication enables the recon
struction of the three-dimensional anisotropic intensity using a single 
two-dimensional scattering spectrum.

In this study, the RSH expansion is carried out on the flow-velocity 
gradient plane, with a specific tilt to recover the axial symmetry of 
the scattering intensity [46]. This symmetry is inherently linked to the 
molecular shape and the flow field. For spectral analysis, the following 
formula is employed:
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𝐼0
𝑙
(𝑄) = 1

2

𝜋

∫
0 

d𝜃 sin (𝜃 + 𝜃𝑡)𝑌 0
𝑙
(𝜃 + 𝜃𝑡)𝐼𝑥𝑦(𝐐), (2)

where 𝜃𝑡 is the tilt angle relative to 𝑄𝑥 and 𝐼𝑥𝑦(𝐐) is the scattering 
spectra on the 1-2 plane in reciprocal space. For the isotropic component 
of 𝐼(𝐐), the equation simplfies to:

𝐼00 (𝑄) =
1
2

𝜋

∫
0 

d𝜃 sin (𝜃 + 𝜃𝑡)𝐼𝑥𝑦(𝐐). (3)

These equations highlight the significance of measurements on the 1
2 plane for spectral analysis. First, axial symmetry can be restored on the 
1-2 plane by rotating it along the 𝑄𝑧-axis at the tilt angle 𝜃𝑡 , which can 
be directly determined on the 1-2 plane. As previously reported [46,47], 
the tilt angle 𝜃𝑡 is not discernible from scattering spectra on the 1-3 and 
2-3 planes. Second, the polar angle on the 1-2 plane spans from 0 to 
𝜋, ensuring the orthogonality of 𝑌 0

𝑙
(𝜃 + 𝜃𝑡). On the 2-3 plane, the polar 

angle is 𝜋∕2, rendering 𝑌 0
𝑙

independent of 𝜃, while on the 1-3 plane, 𝑌 0
𝑙

is a function of cos𝜃𝑡 cos𝜃. Thus, the orthogonality of 𝑌 0
𝑙

is lost on the 
1-3 and 2-3 planes. This orthogonality decouples each RSH component 
of 𝐼(𝐐), simplifying subsequently the analysis. As a result, structural 
parameters of rod-like micellar molecules can be extracted from model 
fitting with the decoupled RSH components on the 1-2 plane.

4.2. Experimental validation of micellar scission using spectral 
eigendecomposition

Among all RSH components of 𝐼(𝐐), the isotropic component, 𝐼00 (𝑄), 
is the most relevant for analyzing the structural parameters of rod-like 
molecules for several reasons. First, once the length and cross-sectional 
radius of the rods are given, 𝐼00 (𝑄) remains invariant under rotational 
transformation, regardless of the rod orientation distribution function. 
In the case of rigid rods, both the rod length and radius are unaffected by 
externally applied mechanical fields, leading to the invariance of 𝐼00 (𝑄)
and the radius of gyration. Consequently, changes in rod length can be 
directly determined through variation in 𝐼00 (𝑄). Furthermore, the pri

mary contribution to the overall scattering intensity comes from 𝐼00 (𝑄), 
and the ratio of its magnitude to its associated error is minimal, typically 
within 5%. Therefore, focusing on 𝐼00 (𝑄) provides statistically robust re
sults in scattering data analysis.

Fig. 3 shows the projection of 𝐼(𝐐) for rod-like micelles on the 
flow-velocity gradient plane under Couette flow. In this setup, the flow 
direction is along the 𝑦-axis, with the velocity gradient along the 𝑥-axis, 
leading to the quantity being denoted as 𝐼𝑥𝑦(𝐐).

Fig. 3(a) illustrates the intensity distribution in the quiescent state, 
where no flow fields are imposed, highlighting the expected angular 
isotropy along the azimuthal angle. Figs. 3(b-f) depict the evolution of 
𝐼𝑥𝑦(𝐐), relative to the quiescent state, as a function of the shear rate, 𝛾̇ . 
Notably, a marked change in the intensity distribution, exhibiting asym
metry about both the vertical and horizontal axes, becomes apparent 
when 𝛾̇ > 500 s−1. This feature grows more pronounced as 𝛾̇ increases 
to 3000 s−1. The emergence of such asymmetry in the scattering pattern 
indicates that spherical harmonic basis functions with 𝑚 = 0, specifi
cally the Legendre polynomials, suffice for an accurate spectral analysis, 
consistent with the rflection symmetry observed in the intensity distri
bution.

Fig. 4 displays the isotropic scattering intensity, 𝐼00 (𝑄), extracted 
from the experimentally measured 𝐼𝑥𝑦(𝐐) using the spherical harmonic 
decomposition, under varying shear rates 𝛾̇ . As 𝛾̇ increases from 0 to 
3000 s−1, a steady decline in the magnitude of 𝐼00 (𝑄) is observed in 
the low-𝑄 region, specifically for 𝑄 < 0.02 Å−1. The inset highlights 
gradual fluctuations in 𝐼00 (𝑄) with shear rate, which exceed statistical 
uncertainty.

To rigorously interpret the physical implications of this observation, 
it is crucial to begin by examining the mathematical framework under
lying 𝐼00 (𝑄). As shown in [48], 𝐼00 (𝑄) is dfined as:

𝐼00 (𝑄) =
1 

2𝜋2 ∫ 𝑑𝑟 𝑟2𝑗0(𝑄𝑟)𝑔00(𝑟), (4)

where this expression specifically captures the isotropic component of 
intra-particle spatial correlations 𝑔00 (𝑟) in real space and 𝑗0(𝑄𝑟) is the 
spherical Bessel function of the first kind of order 0. In the case of a 
rod-like object with cylindrical symmetry, density fluctuations in both 
real and reciprocal spaces must exhibit equivalent parity. Thus, the most 
direct approach to understanding these fluctuations is by analyzing the 
impact of rotational dynamics on the pair correlation function 𝑔00(𝑟) in 
real space, from which reciprocal space behavior follows naturally.

For a freely rotating rigid rod of length 𝐿, the probability of detect
ing density fluctuations at a radial distance 𝑟 from its center-of-mass, 
denoted by 𝑝(𝑟), is directly proportional to 𝑔00(𝑟). This relationship can 
be expressed mathematically as:

𝑝(𝑟) ∝ 𝑑𝑟 4𝜋𝑟2𝑔00(𝑟), (5)

In the regime where 𝑟 is roughly < 𝐿∕2, and as long as the rod length 
remains fixed, 𝑝(𝑟) is expected to remain significant, consistent with the 
theoretical considerations presented in [49]. However, any reduction in 
the rod length results in a discontinuous change in 𝑝(𝑟). For example, 
if the rod length decreases from 𝐿 to 𝐿∕2, 𝑝(𝑟) vanishes quickly in the 
length scales of 𝑟 being approximately >𝐿∕4.

From this analysis, two critical conclusions emerge, as illustrated 
by the data in Fig. 4. First, the reduction in the magnitude of 𝐼00 (𝑄)
is a direct indicator of a decrease in rod length. Second, the gradual 
decay of 𝐼00 (𝑄) across the measured 𝑄 range and the lack of sharp fea
tures strongly suggests that the system possesses a significant degree of 
polydispersity in rod lengths. Notably, the results shown in Fig. 4 were 
obtained using a model-free spectral eigendecomposition approach, fur
ther supporting the robustness of these findings.

To validate our interpretation of the experimental observations, we 
performed computational benchmarks using a freely rotating rod model 
with varying orientational distribution functions 𝑓 (𝜃), where 𝜃 is the 
polar angle relative to the flow direction. As shown in Fig. 5(a), when 
the rod length 𝐿 and cross-section radius are constant, the scattering 
intensity 𝐼00 (𝑄) remains unaffected by changes in the distribution width 
of 𝑓 (𝜃) using the following formula:

𝐼00 (𝑄) =𝐴

𝜋

∫
0 

d𝜃 sin𝜃 ∫ dΩ 𝑃 (𝐐,Ω)𝑓 (Ω), (6)

where Ω represents a specific orientation of the rod in real space, 𝑓 (Ω) is 
the orientation distribution function, 𝑃 (𝐐,Ω) is the scattering function 
of the rod at orientation Ω, and 𝐴 is a constant. However, Fig. 5(b) 
demonstrates a systematic decrease in 𝐼00 (𝑄) within the 𝑄 < 0.01 Å−1

range as the rod length is monotonically reduced from 𝐿 to 0.6𝐿 while 
keeping the cross-sectional radius 𝑅 as a constant.

4.3. Quantitative analysis of micellar length distribution

Fig. 6 presents the bending rod plot [50] of 𝐼00 (𝑄) for the micellar 

system in its quiescent state (blue symbols). Within the range 0.01 Å−1
<

𝑄< 0.1 Å−1
, the product 𝑄𝐼(𝑄) exhibits a prominent peak. For compar

ison, the bending rod plot for a rigid rod of length 400 Å, determined 
through regression analysis, is shown by the red curve. While the overall 
qualitative features of the experimental data align with the monodis

perse rod model, a characteristic dip near the peak at 𝑄 = 0.02 Å−1

in the theoretical benchmark (red curve) is absent in the experimen
tal data. This discrepancy is attributed to the smearing effect caused by 
the coherent scattering contribution from rods with different lengths. 
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Fig. 3. Panel (a) shows the 2D scattering intensity, 𝐼𝑥𝑦(𝐐), of the aqueous CTAB solution in its quiescent state. Panels (b-f) depict the difference in 𝐼𝑥𝑦(𝐐) for the 
CTAB solution under steady shear at shear rates 𝛾̇ = 130, 500, 1000, 2000, and 3000 s−1 , relative to the quiescent state presented in Panel (a). The circle at the 
center of each spectrum marks the position of the beam stop. It is important to note that the apparent rotation of the two-dimensional spectra rflects the averaged 
orientation of micelles, which aligns progressively more closely with the flow direction as shear rates increase [46]. These measurements were taken using the same 
experimental setup, although at varying shear rates.

Fig. 4. 𝐼00 (𝑄), extracted from the experimentally measured 𝐼𝑥𝑦(𝐐) through 
spherical harmonic decomposition, at varying shear rates 𝛾̇. As 𝛾̇ increases from 
0 to 3000 s−1, a steady decrease in 𝐼00 (𝑄) is observed.

This observation, along with the difference in the evolution of the mag
nitude of 𝑄𝐼(𝑄) in the low-𝑄 region for systems with polydispersity 
indices 𝑝 = 0.3 and 𝑝 = 2.0, suggests significant length polydispersity in 
the studied system.

Thus, the results from Figs. 5 and 6 cofirm that the system predom
inantly consists of rod-like micelles, with 𝐼00 (𝑄) being highly sensitive 
to changes in rod length and polydispersity playing a crucial role in the 
scattering response.

Although the scattering results in Fig. 4 strongly indicate flow
induced scission in polydispersed rod-like micelles, a precise quanti
tative characterization of conformational changes requires additional 
spectral model fitting. With the micelles modeled as polydispersed rods, 
we can now perform regression analysis on 𝐼00 (𝑄). This is dfined as:

𝐼00 (𝑄) =𝐴∫ 𝑑𝐿 𝑓 (𝐿)𝑃 (𝑄,𝐿,𝑅) + 𝐼inc, (7)

where 𝑓 (𝐿) represents the length distribution function, 𝐴 is a 𝑄
independent constant related to the scattering length density contrast 
between the micelles and the solvent and the micellar number density, 
and 𝐼inc is the incoherent background. The scattering model for polydis
perse rods given in Eqn. (7) describes how rod-like particles of varying 
sizes scatter neutrons. Mathematically, it averages the scattering con
tributions over a distribution of rod lengths and orientations, capturing 
the effects of polydispersity on the overall intensity. Physically, it links 
the scattering prfile to structural features like size, shape, and spatial 
arrangement of the rods.

The form factor 𝑃 (𝑄,𝐿,𝑅) for a uniform cylinder with radius 𝑅 and 
length 𝐿 is given by the following expression:

𝑃 (𝑄,𝐿,𝑅) = 𝑉 2
𝑝

1 

∫
0 
𝑑𝜇

⎡⎢⎢⎢⎣
sin

(
1
2𝑄𝐿𝜇

)
1
2𝑄𝐿𝜇

⎤⎥⎥⎥⎦
2[

2𝐽1(𝑄𝑅
√
1 − 𝜇2)

𝑄𝑅
√
1 − 𝜇2

]2

. (8)

In this expression, 𝑉𝑝 = 𝜋𝑅2𝐿 denotes the cylindrical volume, 𝐽1 is the 
Bessel function of the first kind of order 1, and 𝜇 is a dummy integration 
variable. According to the literature, the distribution of micellar lengths 
can be well-described by the Schulz distribution [2,51--53]:

𝑓 (𝐿) = 1 
Γ(𝑧+ 1)

(
𝑧+ 1
𝐿

)𝑧+1
𝐿𝑧 exp

(
−𝑧+ 1

𝐿
𝐿

)
. (9)

Here, 𝐿 is the average rod length, and the parameter 𝑧 controls the width 
of the distribution. The experimental scattering data reveal that the first 
minimum in SANS intensities is smeared due to the slight polydispersity 
in the cross-sectional radius 𝑅. This effect can be accurately modeled 
using a central moment expansion [54]:

𝐼00 (𝑄) =𝐴∫ 𝑑𝐿 𝑓 (𝐿)

[
𝑃 (𝑄,𝐿,𝑅) +

(𝑅𝑝𝑅)2

2 
𝑑2𝑃 (𝑄,𝐿,𝑅)

𝑑𝑅
2

]
+ 𝐼inc,

(10)

where 𝑝𝑅 is the ratio of the standard deviation in 𝑅 to 𝑅. In Figs. 7(a-c), 
we present three comparative examples of the experimentally obtained 
𝐼00 (𝑄) (represented by colored symbols) in different states: (a) quies
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Fig. 5. Computational benchmarks of a freely rotating rod model with varying orientational distribution functions 𝑓 (𝜃) (shown in the inset), where 𝜃 represents the 
polar angle relative to the flow direction. (a) For a monodisperse rod length 𝐿 = 1050 Å and cross-section radius 𝑅= 21.5 Å, the scattering intensity 𝐼00 (𝑄) remains 
invariant across the measured 𝑄 range, irrespective of the distribution width of 𝑓 (𝜃). (b) A pronounced decrease in 𝐼00 (𝑄) is observed for 𝑄 < 0.01 Å−1 as the rod 
length is gradually reduced from 𝐿 to 0.6𝐿, demonstrating the sensitivity of the scattering intensity to changes in rod length. These results underscore the critical 
role of rod length in determining the system’s scattering behavior.

Fig. 6. Bending rod plot of 𝐼00 (𝑄) for the micellar system in its quiescent state 
(blue symbols) and for a rigid rod of the length 400 Å and cross-section radius 
21.5 Å (red curve). In the range 0.01 Å−1

< 𝑄 < 0.1 Å−1
, the product 𝑄𝐼(𝑄)

exhibits a prominent peak. While the overall features of the experimental data 
align with the monodisperse rod model, a characteristic dip near 𝑄= 0.02 Å−1

, 
seen in the theoretical benchmark, is missing in the experimental data. This 
absence is attributed to a smearing effect from the coherent scattering contri
bution of rods with varying lengths, indicating significant length polydispersity 
in the system as evidenced by the two corresponding cases of polydispersity in
dex 𝑝 = 0.3 and 2.0. (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

cent, (b) at a shear rate of 𝛾̇ = 1000 s−1, and (c) at 𝛾̇ = 3000 s−1. The 
corresponding model fits based on Eqn. (10) are illustrated with white 
lines. The quantitative agreements between the experimental data and 
model predictions are visually evident.

Figs. 7(d-f) display the results of 
|Δ𝐼00 (𝑄)| 
𝐼00 (𝑄)𝑒𝑟𝑟𝑜𝑟

, a commonly used sta

tistical method for error estimation in linear regression analysis [55], 
where Δ𝐼00 (𝑄) is the difference between the experimentally measured 
and model fitting isotropic scattering intensities and 𝐼00 (𝑄)𝑒𝑟𝑟𝑜𝑟 is the 
experimental uncertainty of isotropic scattering intensity. Within the 
probed range of 𝑄, the majority of the results are observed to fluctuate 
around one standard deviation. This analysis further corroborates the 
quality of the fitting, suggesting that the overall micellar conformation 
can be accurately represented by a collection of polydisperse rods.

In Fig. 8, we present the length distribution function 𝑓 (𝐿) along
side the average micellar length 𝐿, both derived from our model fitting 
analysis. The length distribution function 𝑓 (𝐿) characterizes the statisti
cal distribution of micellar lengths within the sample, offering valuable 
insights into the variability and behavior of the micellar structures. 
Meanwhile, the average micellar length 𝐿, extracted from this distribu
tion, serves as a crucial parameter for understanding micellar dynamics 
and their implications for the rheological properties of the system under 
investigation. Together, these metrics provide a comprehensive perspec
tive on the micellar population and their responses to flow conditions.

As illustrated in Fig. 8(a), increasing the shear rate 𝛾̇ from 0 to 
3000 s−1 leads to a consistent decrease in both the width and skewness of 
𝑓 (𝐿). This reduction in width signfies decreased variability and a more 
concentrated size distribution around the mean, indicating enhanced 
uniformity in micellar lengths. Concurrently, the decline in skewness re
flects diminished asymmetry, with values approaching zero suggesting 
that the distribution is becoming increasingly symmetric. As the skew
ness approaches zero, the Schulz distribution trends toward a Gaussian 
distribution, indicating a balanced presence of rods with both shorter 
and longer lengths. Overall, the decline in both width and skewness 
underscores the growing uniformity and symmetry of the particle size 
distribution, emphasizing the enhanced consistency of micellar lengths.

Given the length distribution 𝑓 (𝐿) in Fig. 8(a), the average micellar 
length 𝐿 can be computed using the following expression:

𝐿 = ∫ 𝐿𝑓 (𝐿)𝑑𝐿 (11)

The results displayed in Fig. 8(b) quantitatively characterize the flow
induced scission in rod-like micelles, revealing a significant reduction 
in 𝐿 from 400 Å in the quiescent state to 150 Å. This dramatic decrease 
not only underscores the kinetic nature of micellar structures under flow 
but also highlights the critical impact of shear on their conformational 
integrity and behavior.

It is instructive to compare the experimental observation of flow
induced micellar scission with findings from computational studies.

To compare neutron scattering experiments with theoretical pre

dictions and simulations, the normalized average micellar length, 𝐿

𝐿𝑒𝑞
, 

where 𝐿𝑒𝑞 is the average micellar length in the quiescent state (indicated 
by the black symbol in Fig. 8(b)), is plotted against the Weissenberg 
number 𝑊𝑖 in Fig. 8(c). In agreement with first-principles analytical 
theory by Conchúir and Zaccone [13] and dissipative particle dynamics 
(DPD) simulations of unentangled surfactant micelles by Koide and Goto 
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Fig. 7. Comparative analysis of the experimentally obtained 𝐼00 (𝑄) across different states: (a) quiescent, (b) under shear at 𝛾̇ = 1000 s−1, and (c) under shear at 
𝛾̇ = 3000 s−1 (colored symbols). Model fits based on Eqn. (10) are shown with white lines, demonstrating strong agreement with the experimental data. In panels 
(a)-(c), the cross-sectional radius 𝑅 and the polydispersity ratio 𝑝𝑅 are found to be approximately 21.5 Å and 14.5 × 10−2, respectively. Panels (d-f) present the 
normalized residuals, |Δ𝐼00 (𝑄)| 

𝐼00 (𝑄)𝑒𝑟𝑟𝑜𝑟
, showing that fluctuations primarily occur within one standard deviation, thereby cofirming the fitting accuracy and supporting the 

model representation of micellar conformation as a collection of polydisperse rods.

Fig. 8. Length distribution function 𝑓 (𝐿) and average micellar length 𝐿 derived from model fitting analysis, illustrating the statistical distribution of micellar 
lengths. As the shear rate 𝛾̇ increases from 0 to 3000 s−1 (a), both the width and skewness of 𝑓 (𝐿) decrease, indicating enhanced uniformity and symmetry in 
micellar lengths. The average micellar length 𝐿 is calculated as 𝐿 = ∫ 𝐿𝑓 (𝐿)𝑑𝐿. Note that 𝑓 (𝐿) for 𝛾̇ = 2000 s−1 essentially overlaps with that for 𝛾̇ = 3000 s−1. 
Results in (b) show a significant reduction in 𝐿 from 400 Å to 150 Å, highlighting the dynamic nature and conformational integrity of micelles under flow. (c) 
Comparison of neutron scattering experiments and simulations: 𝐿

𝐿𝑒𝑞
, the normalized average micellar length (where 𝐿𝑒𝑞 is the quiescent-state value, Fig. 8(b)), is 

plotted against the Weissenberg number 𝑊𝑖. Micellar scission occurs for 1<𝑊𝑖 < 10, with 𝐿
𝐿𝑒𝑞

∼ 0.7 at 𝑊𝑖 = 10, consistent with first-principles microscopic analytical 

theory [13] and dissipative particle dynamics (DPD) simulations [17]. At 𝑊𝑖 ∼ 100, 𝐿
𝐿𝑒𝑞

∼ 1
3
, matching theoretical and DPD results. The slope of −0.23 (dashed line) 

closely aligns with the theoretically predicted and DPD value of −0.25, demonstrating strong quantitative agreement.

[17], micellar scission occurs in the range 1 <𝑊𝑖 < 10, with 𝐿
𝐿𝑒𝑞

∼ 0.7 at 
𝑊𝑖 = 10, while theoretical calculations and simulations predict scission 
for 𝑊𝑖 ≥ 4. At 𝑊𝑖 ∼ 100, 𝐿

𝐿𝑒𝑞
decreases to approximately 13 , in agree

ment with first-principles calculations and DPD results. The decline in 
𝐿

𝐿𝑒𝑞
with increasing 𝑊𝑖 follows a slope of approximately −0.23 (dashed 

line), closely matching the first-principles calculation and DPD simula
tion slope of −0.25. These results underscore the strong quantitative 
agreement between our SANS measurements, first-principles calcula
tions, and DPD simulations.

It is insightful to discuss our results on the evolution of micellar con
formation, shown in Fig. 8, in relation to the shear thinning phenomenon 
presented in Fig. 2. For cylindrically elongated micelles to induce hy

drodynamic drag reduction at very high shear rates—a phenomenon 
known as the Toms effect [56,57]�-it is well established that this ef
fect occurs only for micelles with sufficiently large contour lengths. In 
this study, given that the molecular weight of CTAB is 364.45 g/mol, a 
30 mM CTAB solution corresponds to approximately 11,000 ppm. Con
sequently, the Toms effect requires merely 10 ppm of longer chains to 
induce hydrodynamic drag reduction [56,57], which is significantly less 
than 1% of the rod-like micellar distribution. From our length distribu
tions measured at 3000 s−1, micelles exceeding 700 Å in length have an 
approximate probability of 5%. We propose that this fraction of longer 
micelles is responsible for the observed hydrodynamic drag reduction 
at very high shear rates.

These findings highlight the agreement between experiments and 
simulations, bridging theoretical predictions and real-world behavior. 
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The results in Fig. 8 demonstrate that neutron scattering experiments 
provide quantitative validation of flow-induced micellar scission. By 
enabling precise comparisons with computational studies, this work ad
vances our understanding of micellar dynamics and underscores the 
critical role of experiments in rfining theoretical models. The synergy 
between experiment and simulation reinforces the robustness of this ap
proach and opens avenues for exploring complex flow-driven processes 
in soft matter systems.

In addition to providing the first quantitative experimental insights 
into micellar scission dynamics, this scattering study raises important 
questions about the universal scalability of scission dynamics. While the 
DPD simulations investigated the self-assembly of nonionic surfactants, 
this work focuses on ionic CTAB systems. Remarkably, the experimental 
results shown in Fig. 8(c) quantitatively align with the DPD simulations. 
This agreement underscores the broader applicability of the simulations 
and invites further investigation to determine whether this alignment 
rflects an authentic universal principle or is merely a coincidence.

4.4. Characterizing the orientational distribution of flowing rod-like 
micelles

The advantage of spherical harmonic expansion in spectral analysis 
lies in its ability to quantify the micellar orientational distribution func
tion by capturing the angular distribution of orientations. This method 
effectively separates different structural and flow-related effects in a sys
tematic, compact, and physically interpretable manner.

The orientational information is encoded in the anisotropic com
ponents of the RSH [49,58]. To illustrate this, we performed an 
eigen-decomposition of the spectra using Eqn. (1) and extracted the 
anisotropic components, namely 𝐼02 (𝑄) and 𝐼04 (𝑄), as shown in Fig. 9. 
Deviations from the equilibrium cofiguration, characterized by random 
orientation, were assessed by normalizing the results with the magni
tude of the isotropic component, 𝐼00 (𝑄).

As the shear rate increases, the ratio 𝐼02 (𝑄)∕𝐼
0
0 (𝑄) decreases dis

tinctly from the asymptotic isotropic value of 0 in the quiescent state 
to −0.2 at a shear rate of 3000 s−1, as shown in Fig. 9(a). In contrast, 
the ratio 𝐼04 (𝑄)∕𝐼

0
0 (𝑄) remains close to zero, exhibiting minimal depen

dence on the shear rate, as depicted in Fig. 9(b). These results empha
size that, within the context of this experiment, 𝐼02 (𝑄) is the dominant 
anisotropic component for characterizing the orientational distribution 
function (ODF), 𝑓 (𝜃), of sheared rod-like micelles.

To reconstruct 𝑓 (𝜃), we applied the principle of maximum entropy 
[46] with 𝐼02 (𝑄) as input. The ODF, 𝑓 (𝜃), is expressed as

𝑓 (𝜃) =𝐴0 exp[𝐴0
2𝑌

0
2 (𝜃,𝜙)], (12)

where 𝐴0 and 𝐴0
2 are constants to be determined. Since the ratios 

𝐼02 (𝑄)∕𝐼
0
0 (𝑄) approximate a constant and the system under investigation 

consists of rod-like micelles, the value of −2𝐼02 (𝑄)∕𝐼
0
0 (𝑄) corresponds 

to the orientational order parameter 𝑆0
2 [46].

Additionally, since 𝑓 (𝜃) is normalized, it can be calculated using the 
following integrals:

𝜋

∫
0 
𝑑𝜃 sin𝜃𝑓 (𝜃) = 1, 

𝜋

∫
0 
𝑑𝜃 sin𝜃𝑓 (𝜃)𝑌 0

2 (𝜃,𝜙) = 𝑆
0
2 . (13)

The reconstructed results of 𝑓 (𝜃) at different shear rates are pre
sented in Fig. 9(c), where 𝑆0

2 is taken as the average value of −2𝐼02 (𝑄)∕ 
𝐼00 (𝑄) within the probed 𝑄 range. It is instructive to point out that the 
rod lengths in the system are highly polydisperse. In the intermediate 
𝑄 regime, the rod orientations are coupled with their lengths, which is 
rflected in the 𝑄-dependent ratios of 𝐼02 (𝑄)∕𝐼

0
0 (𝑄).

Since the 80’s [20--22], many scattering studies on cylindrically elon
gated micellar systems under flow have been published. Most rheo
SANS investigations primarily focused on the flow-induced alignment of 
these systems. Quantitative analysis in these studies typically involves 

two main approaches: parametric regression analysis, which assumes 
a priori cofidence in the analytical expression of the orientation dis
tribution based on pre-selected parameters, with the numerical values 
determined via regression techniques [20--22,24--26,28,38,39], and the 
scalar descriptor method, which uses simpler metrics, such as the or
der parameter or empirical alignment factor, to quantify alignment 
[29--31,33--35,37,39]. While both approaches provide valuable insights 
into flow-induced alignment, they both fail to capture micellar scission, 
either due to the complexity of modeling the mechanically driven mi
cellar conformation or the inherent limitations of these methods. The 
key challenge is their inability to simultaneously account for the struc
tural changes in elongated micellar systems, such as the evolution of 
orientation, scission, and changes in size distribution.

The spherical harmonic decomposition method proposed in this 
work aims to overcome these limitations by offering a more nuanced 
structural representation of micelles under mechanical stress. This 
method enables the simultaneous consideration of alignment and struc
tural changes, including scission, under flow. By disentangling these 
factors, we gain a more comprehensive understanding of the system’s 
behavior. Our approach not only quantfies flow-induced fragmentation 
and length reduction but also provides detailed insights into the evolv
ing length distribution and orientation of micelles. To our knowledge, 
this is the first comprehensive and robust method to disentangle hy
drodynamic and structural effects associated with shear deformation. 
Early studies correlating the non-monotonic dependence of the radius 
of gyration (𝑅𝐺) with micellar size were insufficient for fully capturing 
the variations in both size and orientation [59]. A more sophisticated 
data analysis approach, utilizing the gyration tensor [48], particularly 
its second moment of density fluctuations along different spatial direc
tions, offers a more complete characterization of the system’s anisotropic 
properties, with 𝑅𝐺 serving as a trace of the gyration tensor.

Our advancements in data analysis, coupled with optimized shear 
cell geometry, establish a new benchmark for scattering-based analyses 
of complex micellar systems, providing a robust framework for under
standing the interplay between flow dynamics and micellar behavior.

5. Conclusions

In summary, this study offers a comprehensive investigation into 
the structural response of rod-like micelles under shear flow, uncover
ing critical insights into flow-induced scission mechanisms and micellar 
conformational behavior that only computer simulations have so far 
eluded. By applying the spherical harmonic decomposition approach, 
we have performed a quantitative and unbiased analysis of scatter
ing data, enhancing the detection of subtle structural transformations. 
Key findings from our spectral analysis include the steady decrease in 
isotropic scattering intensity, 𝐼00 (𝑄), and the reduction in average micel

lar length from 400 Å in the quiescent state to 150 Å under high shear 
in complete agreement with recent DPD simulation predicting micelle 
shortening when 1 <𝑊𝑖 < 100. These results highlight the dynamic na
ture of rod-like micelles in shear flow, with direct implications for their 
colloidal stability and industrial applications.

Our hypothesis is based on the premise that micellar scission under 
mechanical stress can be accurately captured by isolating the isotropic 
component 𝐼00 (𝑄), providing a quantitative framework for evaluat
ing flow-induced structural changes. The innovation in our approach 
lies in applying spherical harmonic decomposition within the flow
velocity gradient plane, enabling precise tracking of changes in micellar 
length distribution. Furthermore, the anisotropic component reveals en
hanced alignment of the flow-induced shortened rod-like micelles. This 
methodology marks a significant improvement over previous scatter
ing studies, which often lacked the resolution to identify these specific 
transformations under high shear. Compared to existing literature rely
ing on approximate or indirect measurements of micellar deformation 
[11,21,31,38,39], our model-free spectral decomposition approach al
lows direct quantification of length and orientational distribution, es
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Fig. 9. The ratios: (a) 𝐼
0
2 (𝑄)
𝐼00 (𝑄)

and (b) 𝐼
0
4 (𝑄)
𝐼00 (𝑄)

at different shear rates are obtained using the real spherical harmonics decomposition of the experimentally measured 

scattering intensity 𝐼(𝐐). Obviously, 𝐼
0
4 (𝑄)
𝐼00 (𝑄)

is approximately an order of magnitude smaller than 𝐼
0
2 (𝑄)
𝐼00 (𝑄)

, indicating that 𝐼02 (𝑄) dominates the scattering anisotropy of 

𝐼(𝐐). Using the principle of maximum entropy, Eqns. (12) and (13), with the approximated orientation order parameter 𝑆0
2 as the average value of − 2𝐼02 (𝑄)

𝐼00 (𝑄) 
, the 

reconstructed orientation distribution function 𝑓 (𝜃) is displayed in panel (c).

tablishing a robust framework for understanding micellar responses to 
shear.

Looking ahead, this method could be extended to explore a broader 
range of soft matter systems beyond rigid rod-like micelles, such as flex
ible cylindrically elongated micelles or fibrillar aggregates, where shear 
flow and mechanical forces drive complex morphological transforma
tions. In studying the ifluence of the interplay between thermodynamic 
and fluid mechanical interactions on the conformation of elongated mi
celles with flexible cofigurations, conformational characteristics such 
as contour length and bending energy could be directly calculated from 
the extracted 𝐼00 (𝑄). Since the orientational distribution for such flexible 
micelles would exhibit a dependence on length scale, one could envision 
extending the approach developed in this work to generalize the align
ment function 𝑓 (𝜃), as displayed in Fig. 9(c), to a more comprehensive 
form 𝑓 (𝜃,𝐿), suitable for describing the alignment of flexible, elongated 
objects. These advancements hold promising potential to deepen our 
understanding of complex soft matter systems and to reveal new mech
anisms underlying their dynamic behavior under external forces.

Future work should aim to rfine the spherical harmonic decom
position model to accommodate more intricate micellar structures and 
develop predictive models for their behavior under varying flow con
ditions. This approach lays a foundational framework for these stud
ies, with potential applications in optimizing formulations for catalysis, 
nanomedicine, and soft materials engineering.
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