2022 2023

Colloidal-rods for examining polymer dynamics in complex flows

Colloidal-rods for examining polymer dynamics in complex flows

Calabrese, Vincenzo

2,600,000

The results obtained with this project indicate that colloidal rod alignment in polymer solutions

can be predicted on the basis of the critical shear rate at which polymer coils are deformed by the
flow, aiding the synthesis and design of anisotropic materials.

During these two years of the project, the candidate advanced the
fundamental understanding of the dynamics of colloidal-rods alignment in polymeric solutions. The
candidate has shown that the onset of flow-induced alignment of relatively small colloidal-rods is
coupled with the relaxation dynamics of the surrounding polymers. On the contrary, the onset of
flow-induced alignment of relatively large colloidal-rods is govern by the bulk viscosity of the
polymer solution. This understanding has important conclusions for the primary purpose of the
proposed research project. Specifically, this understanding can lead to the development of a
technique based on the alignment of colloidal rods, referred to as colloidal-rods alignment
micro-rheology (CRAM), to provide quantitative and spatially resolved structural properties of
polymeric fluids in complex flows.
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Rheological and structural properties of viscoelastic fluids are conventionally characterized
under homogeneous flow conditions, comprising simple shearing or extensional deformations.
However, non-homogeneous, complex flows comprising mixed contribution of shearing and
extensional deformations are ubiquitously encountered in “real-life” industrial (e.g. fibre
spinning, spraying) and biological processes (e.g. spermatozoa beating, flagellar locomotion
in bacteria). Therefore, in situ characterization methods that provide spatial and temporal
resolution of structural and dynamical properties of polymeric fluids are vital.
Methodologies that probe the structural conformations of polymers under complex flows are
limited, and rely on specific polymer properties, such as the high polarizability of the
monomer unit. Therefore, the general understanding of polymeric fluids under complex flows
is restricted to specific polymer types.

The proposed idea is the use of tracer colloidal-rods, with sub-micron length scales, to probe
the structure and dynamics of polymeric solutions in microfluidic flows. The core idea is based
on two propositions: (a) colloidal-rods suspended in a fluid progressively orient with the
increasing deformation rate, inducing structural order and causing double diffraction of the
light and (b), the surrounding polymer crowding dictates the alignment of colloidal-rods. The
project aims at retrieving structural parameters of the polymer surrounding the colloidal-
rods through the birefringence derived from the colloidal-rod alignment.

Understanding the hydrodynamic alignment of colloidal rods in polymer solutions is pivotal
for manufacturing structurally ordered materials. How polymer crowding influences the
flow-induced alignment of suspended colloidal rods remains unclear when rods and polymers
share similar length scales. In this project the candidate tackles this problem by analyzing
the alignment of colloidal rods suspended in crowded polymer solutions and comparing that
to the case where crowding is provided by additional colloidal rods in a pure solvent.

For the completion of the project a multitude of techniques and methods have been used. The
primary experimental setup employed in this project was flow induced birefringence (FIB)
coupled with in-house built microfluidic devices fabricated with selective laser-induced
etching (SLE) technique. Microfluidic devices are versatile platforms to study the flow-
induced alignment of colloidal rods in different flow fields and for the retrieval of relevant
time- and length-scales associated with the colloidal rods. For instance, microfluidic devices
can be designed to generate two-dimensional (2D) flows that provide, to a good approximation,
a uniform flow through the channel height (e.g., microfluidics with rectangular cross sections
and relatively high aspect ratio). 2D flows are convenient for flow visualization and for
techniques aimed at probing the structural properties of the fluid, such as FIB and small-
angle scattering (SAS). Alternatively, three-dimensional (3D) flows, generated in microfluidic
devices with symmetric and/or low aspect ratio cross-sections, are more representative of
processing condition under which naturally derived CR may be employed (e.g., fiber spinning).
Most importantly, microfluidics can be designed to generate not only shearing flows (the flow
type generated by rotational rheometers) but also extensional flows and mixed flows
comprising both shearing and extensional deformations. Thus, coupling microfluidics with
flow visualization techniques, pressure sensors, FIB, and/or SAS techniques provides a
comprehensive fingerprint of the structure—property relationship of colloidal rods in unique
flow scenarios. Moreover, the small length scales adopted in microfluidic devices allow
relatively high deformation rates while preserving creeping flow conditions.

In this project, the polymeric fluids were routinely tested using classical shear rheometry. To
gauge the fluid response in extensional-dominated flows, the polymeric fluids were also
tested using techniques based on the capillary-driven self-thinning of polymeric fluids (e.g.,
Capillary Breakup Extensional Rheometry CaBER).



During these two years of the project, the candidate advanced the fundamental
understanding of the dynamics of colloidal-rods alignment in polymeric solutions. The
candidate has shown that the onset of flow-induced alignment of relatively small colloidal-
rods is coupled with the relaxation dynamics of the surrounding polymers. On the contrary,
the onset of flow-induced alignment of relatively large colloidal-rods is govern by the bulk
viscosity of the polymer solution. This understanding has important conclusions for the
primary purpose of the proposed research project. Specifically, this understanding can lead
to the development of a technique based on the alignment of colloidal rods, referred to as
colloidal-rods alignment micro-rheology (CRAM), to provide quantitative and spatially
resolved structural properties of polymeric fluids in complex flows.
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