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ABSTRACT: We investigate the shear and extensional flow behavior of
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Copolymer worms

dispersions composed of two types of worm-like nanoparticles (WLNPs) with Shear 0 Extension
comparable cross-sectional diameters, similar persistence lengths but differing ' ¢,>\_°{ ?
contour lengths, and thus differing flexibility. By measuring the flow-induced %‘)L!%

birefringence (FIB) of WLNP dispersions in two contrasting microfluidic devices,
we obtain an experimental quantification of the role of shearing and planar
iextensmnal ﬂ9ws at aligning a short and stiff WLNP (S-WLNP) and a relatively /\{ \ ” {

ong and flexible WLNP (L-WLNP). We show that shear and extensional flows i :‘;

induce the alignment of both types of WLNPs. However, extensional deformations

are more effective than shear deformations at triggering the onset of alignment of

the WLNP. The difference between shear and extensional deformations for WLNP

alignment is explained based on the ratio of extensional and shear viscosity of the

solvent fluid (Trouton ratio of the solvent) and a structural parameter related to the WLNP extensibility and flexibility. Under shear
flow, these WLNP dispersions display shear-thinning behavior, with an exponential reduction in viscosity with increasing alignment.
Under extensional flow, the WLNP alignment leads to extensional thinning, making WLNP ideal additives for industrial and

biotechnology formulations exposed to extensional dominated flows (e.g., jetting, spraying, and printing processes).

B INTRODUCTION

Anisotropic colloidal objects with high aspect ratios are
appealing materials from a scientific and industrial perspective.
Compared to spherical particles, rod-like particles display
complex phase behav1or (e.g., the ability to form 11qu1d
crystalline phases),' lower percolation concentration,” a
stronger increase in viscosity with increasing concentration,
and the ability to adopt a preferential orientation under flow."”
Colloidal dispersions under shear flow have been thoroughly
investigated in the literature.” In comparison, extensional flows
(i.e., uniaxial, biaxial, and planar) are less explored, despite
playing a critical role in formulation performance and
processability, as well as its undoubted importance for spraying,
jetting, printing, and coating processes. Tactility and customer
perception of cosmetic formulations are strongly connected with
the extensional response of the fluid. For example, extensional-
dominated flow can lead to “stringiness”, whlch is undesirable
for many cosmetic formulations (Figure 1a).° For Newtonian
fluids, their shear viscosity (77) and the extensional viscosity (7;)
are related by the Trouton ratio (Tr) as Tr = 5p/n with Tr
depending on the type of extensional deformation (i.e., Tr =3, 4
or 6 for uniaxial, planar, or biaxial extension, respectlvely)

The scenario is far more complicated for non-Newtonian fluids
(including most colloidal dispersions and polymer solutions),
for which their rheological response under extensional flows can

© 2022 The Authors. Published by
American Chemical Society

WACS Publications

drastically differ from that under shear flows (Figure 1b). For
example, flexible polymer chains in solution exhibit an
extensional viscosity that increases abruptly with the extension
rate (¢), while the shear viscosity is reduced with increasing shear
rate () (see in Figure 1b).”~"* Since rheological properties are
usually linked to structural properties of the fluid, differing
behavior observed under shear and extensional flow can be
correlated with polymer conformations. Specifically, flexible
polymer chains subjected to extensional flow undergo a so-called
coil-to-stretch transition above a critical value of &'* On
increasing &, the extensional viscosity 7y increases until
maximum chain extension is attained, whereby #; attains a
plateau value that can be orders of magnitudes greater than the
corresponding shear viscosity # (see Figure 1b). In contrast,
flexible polymers preserve their coil-like structure under shear
flow, thus the shear viscosity decreases with 7 (shear-thinning
behavior). This is a similar rheological response to that observed
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Figure 1. (a) Example of shear- and extensional-dominated
deformations involved in the handling of a polymer-based formulation.
Arrows indicate the direction of applied deformation. (b) Characteristic
curves of shear viscosity () as a function of the shear rate () and
extensional viscosity (77;) as a function of the extensional rate (¢) for
three distinct fluids. Newtonian fluid (red), solution-containing flexible
polymers (blue), and dispersion or solution-containing rigid rod-like
structures (black) (e.g, colloidal rods and polyelectrolytes in solutions
with low or zero salt).

for spherical colloidal particles.” Extended polymer chains (e.g,,
aqueous solutions of polyelectrolytes in the presence of low or
zero salt concentrations) and rod-like colloids display similar
trends of extensional and shear viscosity behavior with the
respective rate of deformation,”'*™'® largely due to the
preferential structural alignment in the flow direction in both
cases. Thus, the reported values of 7y for rod-like particles are
relatively close to the respective 7 and rarely exceed 20 X 7 for a
given deformation rate.' ”'*'*~*° The extent of flexibility of
colloidal rod-like particles is expected to manifest through the
differing rheological behavior of the dispersion under shear and
extensional flows (see schematics Figure 1b).

Dispersions of rod-like particles have been thoroughly studied
in rheometric shear flow because this is relatively easy to
generate and control.”’ Rheo-optical techniques based on
birefringence,15’22_26 X-ray, and neutron scattering [e.g., rheo-
small-angle scattering (rheo-SAS)]*"~* have been employed to
link the structural and rheological behavior of colloidal
dispersions under shear flow.””>" The effect of extensional
flow on the structural properties of rod-like particle dispersions
is often investigated in custom-built microfluidic platforms, such
as contraction—expansion,””> microfluidic cylinders,'® flow
focusing,33 four-roll mill,** and cross-slot-type devices, "> via
light scattering and flow-induced birefringence (FIB) experi-
ments. However, in most of these microfluidic platforms, the
fluid elements do not undergo constant acceleration/deceler-
ation to ensure a constant extensional rate & which prevents
quantitative comparison with the structural properties obtained
under steady shear. Another matter of concern is the presence of
both shear and extensional deformations generating the so-
called “mixed flows”, increasing the problem of isolating and
studying the effect of extensional deformations. Given these
experimental challenges, combined with the potential difficulty
to control particle flexibility, it is not surprising that a
quantitative comparison between the shear- and extensional-
induced alignment for anisotropic particles of differing flexibility
has not yet been reported in the literature.

To understand how the flexibility of rod-like colloids
influences their alignment under shear and extension flows, we
prepared two types of sterically stabilized diblock copolymer
worm-like nanoparticles (WLNPs) with comparable cross-
sectional diameters and similar persistence lengths but differing
contour lengths and thus differing flexibility. More specifically,
the behavior of short WLNP (S-WLNP) and relatively long
WLNP (L-WLNP) dispersed in mineral oil is compared under
shear and extensional flow by combining different rheometric
techniques with bespoke microfluidic devices to retrieve
rheological and structural information. We analyze the shear
and extensional flow behavior of the S-WLNP and L-WLNP in
the context of rigid rod-like particles and flexible polymers and
demonstrate that controlling the WLNP morphology and
flexibility enables rational design of the shear and extensional
properties of the dispersions.

B MATERIALS AND METHODS

Colloidal Dispersions of WLNPs. The WLNPs were prepared via
polymerization-induced self-assembly in non-polar media.*>>” More
specifically, the reversible addition—fragmentation chain transfer
(RAFT) dispersion polymerization of either methyl methacrylate
(MMA) or benzyl methacrylate (BzMA) was conducted in mineral oil
using a poly(stearyl methacrylate) (PSMA) precursor (see Scheme 1).
In one case, relatively short PSMA,-PMMAg; WLNPs (the two

Scheme 1. (a) Synthesis of a Poly(stearyl methacrylate)
(PSMA,,) Precursor via RAFT Solution Polymerization of
SMA in Toluene at 50% w/w Solids Using 2-Cyano-2-propyl
Benzodithioate (CPDB) at 70 °C (N.B. AIBN Denotes 2,2'-
Azoisobutyronitrile); (b) RAFT Dispersion Polymerization
of MMA at 20% w/w Solids in Mineral Oil Using tert-Butyl
Peroxy-2-ethylhexanoate (T21s) Initiator at 90 °C; and (c)
RAFT Dispersion Polymerization of Benzyl Methacrylate
(BzMA) at 10% w/w Solids in Mineral Oil Using tert-Butyl
Peroxy-2-ethylhexanoate (T21s) Initiator at 90 °C

s)(@
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CPDB 57.(©
JJ\n’O\Cstv Nm s
(o]

AIBN, toluene 07
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numerical subscripts refer to the mean degree of polymerization of each
block) were obtained, which are denoted as S-WLNP (Scheme 1b).
The second formulation produced relatively long PSMA,,-PBzMA ;9
WLNPs, which are denoted as L-WLNP (Scheme 1c). The mineral oil
was kindly provided by The Lubrizol Corporation Ltd., (Hazelwood,
Derbyshire, UK). The MMA polymerization was quenched after 17 h at
90 °C, with "H NMR spectroscopy studies indicating more than 99%
conversion (see the Supporting Information). Similarly, 97%
conversion was achieved for the BZMA polymerization within 5 h at
90 °C. Gel permeation chromatography analysis indicated narrow
molecular weight distributions (M, /M, < 1.10) for both diblock
copolymers (see Figure SI in the Supporting Information), suggesting
that good RAFT control was achieved in each case. As indicated in
Scheme 1, the PMMAg; and PBzMA 4 chains are the oil-insoluble core-
forming blocks of the S-WLNP and L-WLNP, respectively, while the
PSMA | chains act as the oil-soluble steric stabilizer block for both types
of WLNPs. A detailed description of each WLNP synthesis is provided
in the Supporting Information.

Stock WLNP dispersions prepared directly in mineral oil were
diluted with mineral oil to obtain a series of WLNP volume fractions
(¢), where ¢ = Viyap/ (Viwine + Viotvent), Where Viyp np is the volume of
the WLNP and V., is the volume of the mineral oil. All dispersions
were prepared by gravimetry and stirred for at least 24 h after dilution to
ensure homogeneity. Viy np and Vi, were calculated using densities
of 8300, 1180, and 1150 (kg m™3) for the mineral oil, S-WLNP, and L-
WLNP, respectively. WLNP densities were estimated using the known
solid-state densities of PMMA and PBzMA. All the WLNP dispersions
were subjected to low magnetic stirring for at least 24 h prior to
experiments. This protocol was required to ensure homogeneous, free-
flowing dispersions. Indeed, if WLNP dispersions prepared at higher
volume fractions were allowed to rest under zero-shear conditions, a
free-standing gel was obtained after ca. S days owing to the formation of
a 3D network comprising multiple interworm contacts.

Material Characterizations. Transmission Electron Microscopy.
Transmission electron microscopy (TEM) studies were conducted
using a Philips CM 100 instrument operating at 100 kV and equipped
with a Gatan 1k CCD camera using a methodology previously
described for similar block copolymer nanoparticles in mineral oil.***”
In brief, a single droplet of a 0.10% w/w WLNP dispersion was placed
onto a carbon-coated copper grid and allowed to dry prior to exposure
to ruthenium(VIII) oxide vapor for 7 min at 20 °C to improve the
contrast for the core-forming block.*

Small-Angle X-ray Scattering. Small-angle X-ray scattering (SAXS)
patterns were recorded for 1.0% w/w dispersions of S-WLNP and L-
WLNP in mineral oil at a synchrotron source (ESRF, beamline ID02,
Grenoble, France; experiment number SC-5109) using a mono-
chromatic X-ray radiation of wavelength 4 = 0.0995 nm and a Ravonix
MX-170HS CCD detector. The scattering vector (q) is defined as
q= sin(0/2)(47/2), where 0 is the scattering angle. Each dispersion
was placed in a glass capillary of 2 mm in diameter, and the scattering
data were reduced using standard routines*' and analyzed using Irena
SAS macros in Igor Pro.*

Shear Rheometry. Rheological measurements were performed with
a strain-controlled ARES-G2 rotational rheometer (TA Instruments
Inc.) at 22 + 0.1 °C controlled by a Peltier system (TA Instruments)
using a stainless steel cone and plate geometry (S0 mm in diameter and
1° cone angle). For each WLNP dispersion, the steady-state shear
viscosity (17) as a function of the shear rate () was independent of the
pre-shear protocol with no hysteresis observed during either increasing
or decreasing shear rate ramps; this indicates negligible thixotropic
effects on the time scale of a typical experiment (30—60 min). The
frequency sweep was acquired at a constant strain amplitude, y, = 10%,
which fell under the linear viscoelastic region. The storage modulus
(G’) and loss modulus (G”) were acquired as a function of the angular
frequency (). The magnitude of complex modulus is computed as
IG¥ = (G'* + G"»)"? and the magnitude of complex viscosity as l7*!
=1G*l/w.

Uniaxial Extensional Rheometry. Uniaxial extensional rheometry
was performed with the aid of a capillary breakup extensional rheometer

(CaBER 1 Thermo Scientific) using the “slow retraction method”
(SRM).* Briefly, the test fluid was loaded between two plates (6 mm in
diameter) with an initial gap of ~2 mm. To trigger the spontaneous
filament thinning, the liquid filament was brought to its stability limit by
slowly driving the bottom plate downward. The filament thinning was
imaged with a high-speed camera (Phantom Miro M310, Vision
Research Inc.) with a resolution of ~24 um/pixel at a rate of 4000
frames per second (fps) for the mineral oil and 2000 fps for the WLNP
dispersions. The filament was backlit with white light (Dolan-Jenner
Fiber-Lite Mi-LED A2). Using MATLAB, the image sequences were
thresholded, converted to binary images, and the filament edge was
tracked with the “Canny” edge function, in the given order. The
evolution of the filament thinning over time could be monitored up to a
minimum filament diameter of 100 um. The surface tension () of the
samples was measured using a drop tensiometer with the pendant drop
method (Attension Theta, Biolin Scientific). For the mineral oil used in
this study, 6= 30 + 1 mN m™". The same ¢ value was obtained for the S-
WLNP and L-WLNP dispersions.

Microfluidic Platforms for Shear Flow and Planar Exten-
sional Flow. To generate a shear flow, we adopted a shearing flow-
dominated channel (SFC, sketched in Figure 2a). The SFC s a straight
rectangular channel with length L = 25 mm (along the x-axis), width W
= 0.4 mm (along the y-axis), and height H = 2.0 mm (along the z-axis)
and was fabricated as described previously.'>**

Planar extensional flows were generated using an optimized shape
cross-slot extensional rheometer (OSCER, sketched in Figure 2b); a
detailed description can be found in prior work.'"** Briefly, the OSCER
has two incoming and two outgoing flows placed orthogonal to each
other, generating a stagnation point at the center of symmetry (x=y =0
mm). The OSCER has a height H = 2.1 mm and width W = 0.2 mm at
the inlets and outlets. Within a large region around the stagnation point
(lxl, Iyl < 7.5W), the OSCER generates a steady planar extensional flow
with negligible shearing contribution.'** The SEC and OSCER
devices have a relatively high aspect ratio (H/W > $), ensuring
negligible shear effects from the toP and bottom walls and providing a
good approximation to a 2D flow. g

Teflon tubing was used to connect the microfluidics platforms to
Hamilton Gastight syringes. Nemesys low-pressure syringe pumps
(CETONI, GmbH) were used to simultaneously infuse and withdraw
the fluid at an equal and opposite volumetric rate, Q (m® s™"), from
inlet(s) and outlet(s), respectively, generating a mean flow velocity
Ul = Q/(WH) (m s™"). In both geometries, creeping flow conditions
were ensured at all tested flow rates by low values of the Reynolds
number (Re = pUW/5 < 1). The Re was estimated from density of the
mineral oil (p = 830 kg m™), and 77 as the viscosity of the dispersion at y
=100 s~ obtained from shear rheometry.

Pressure Measurement for Extensional Rheology. For the flow in
the OSCER geometry, a 15 psi differential pressure sensor (Omega
Engineering, Inc., CT, USA) was installed with a pressure port at an
inlet (P;) and a second pressure port at an outlet (P,), see Figure 2b.
The pressure difference, measured between the two pressure ports (AP
=P, — P,|), is evaluated in two distinct operating modes referred to as

Figure 2. Schematic representation of the (a) shearing-flow dominated
channel (SFC) and the (b) OSCER with respective coordinate systems.
In (b), the inlets are marked by I; and I, while the outlets are marked by
O, and O,, with P, and P, indicating the location of the pressure ports of
the differential pressure sensor. The beam indicates the position of the
monochromatic light in the FIB experiment.
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APy, and AP, AP, was measured with both opposing inlets (I,
and L, see Figure 2b) and outlets (O, and O,) operating at equal and
opposite flow rates so that planar extension generates around the
stagnation point. The APy, was evaluated with only one inlet (I;) and
one outlet (O,) operating at an equal and opposite flow rate, generating
a shear-dominated flow that has no stagnation point.

Flow-Induced Birefringence. FIB measurements were performed in
both SFC and OSCER, using an Exicor Microlmager (Hinds
Instruments Inc.), employing a monochromatic light source with a
wavelength of 450 nm. The microfluidic geometries were placed with
their z-axis parallel to the light beam and imaged using a 5X objective
lens (see Figure 2). For each flow rate, the flow was equilibrated for S +
1 s. Subsequently, the retardance between the two orthogonally
polarized light beams (R) and the orientation angle of the slow optical
axis (@) were obtained over a fixed time of 7 s using a stroboscopic
illumination technique to perform Mueller matrix decomposition.*”
The birefringence is computed as An = R/H. The background value of
An was obtained from the fluid at rest and subtracted from all
measurements obtained under flow. The spatial resolution of the
measurement was &2 ym/pixel. The FIB of the WLNP dispersions
monitored over several flow cycles provided reproducible results,
suggesting negligible cleavage of the WLNP under such experimental
conditions.

B RESULTS

WLNP Characterization. The WLNP dimensions were
characterized by combining SAXS and TEM analyses (Figure 3).
SAXS patterns for the WLNP dispersions were recorded at ¢p =7
X 1072 (equivalent to 1.0% w/w, Figure 3a). In the low-q regime
(9 < 0.04 nm™), the scattering intensity, I(q), does not
approach a plateau (Guinier region), indicating that the
accessible g-range is insufficient to enable the determination
of the mean worm contour length (I.). Therefore, the volume-
weighted contour length, (I.), was estimated by the analysis of
more than 300 individual WLNP from TEM images using the
so-called De Brouckere mean, which is expressed as

Z"ilg
1y =="
) Xonls (1)

where #; is the number of worms of contour length /.. Using this
approach, (I.) is calculated to be 700 and 256 nm for the L-
WLNP and S-WLNP, respectively.

In the high-q regime (¢ > 0.2 nm™'), the SAXS patterns
contain information regarding the mean cross-sectional
diameter (d) of the WLNP. Fitting the SAXS patterns to a
worm-like micelle model* (see the solid line in Figure 3a)
yielded d = 13.8 + 1.8 nm and d = 13.2 + 1.6 nm for the S-
WLNP and L-WLNP, respectively.

At intermediate g (0.04 < g < 0.2 nm™', see the highlighted
box in Figure 3a), the scattering intensity for both WLNP
dispersions follows the scaling relation I(q) « g~', which
indicates a predominantly rod-like structure at length scales
(! = 27/q) in the range of 31.4 </ < 157 nm. From imaging
analysis of the TEM images, a persistence length [, & 50 nm was
obtained for both WLNP species using the mean-squared end-
to-end distance (MSED) method for a worm-like chain model
within the FiberApp routine (details in Usov and Mezzenga™”).
The [, value indicates the segment length below which the
WLNPs behave as rigid rods. For both WLNP species, [, & 50
nm; thus, (I)/l, is 14 and S for the L-WLNP and S-WLNP,
respectively. In summary, both WLNPs can be classified as
semiflexible nanoparticles as [, and (I.) share a similar length
scale, with the L-WLNP being significantly more flexible than
the S-WLNP.***

Figure 3. (a) SAXS patterns obtained at 20 °C for the S-WLNP (stars)
and L-WLNP (circles) dispersed in mineral oil at ¢ = 7 X 107 (1.0%
w/w). The solid lines are fits to a worm-like micelle model,48 while the
dashed line indicates a g~* slope. The L-WLNP curve is shifted upward
(100x) for clarity. Representative TEM images obtained for (b) S-
WLNP and (c) L-WLNP.

Shear Rheology. Steady Shear Viscosity. We begin by
comparing the rheological response of the S-WLNP and L-
WLNP under steady shear flow as a function of shear rate (j)
over a wide range of volume fractions, ¢ (Figure 4). At low ¢,
both WLNP dispersions display a Newtonian-like shear
viscosity, where 7 is almost independent of 7 (Figure 4a,b).
With increasing ¢, these dispersions progressively display a
shear-thinning behavior (reduction in # with increasing ),
which is generally observed for elongated colloids**' and
soluble polymer solutions in the semidilute regime.””>* For
rod-like colloidal dispersions, shear-thinning is associated with
the increasing extent of rod alignment with increasing y, which
results in reduced flow resistance.”*® Figure 4a,b shows that for
each concentration, the steady shear viscosity, #(7) in filled
symbols, overlays with the magnitude of complex viscosity, l17*|
(w) in open symbols, obtained from the oscillatory test. This
observation implies that the empirical Cox—Merz rule, stating
that n(y) = |77*(w)||7=m, holds fairly well, as found for many

viscoelastic fluids.*>*® For rod-like colloidal dispersions,
deviation from the Cox—Merz rule has been linked to the
formation of a liquid crystalline phase.””*® This suggests that the
concentrations of the WLNP dispersions investigated here are
below the critical concentration required for the isotropic-to-
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Figure 4. (a,b) Steady shear viscosity, 7, as a function of the shear rate, j, (filled symbols) and the magnitude of complex viscosity, l17*|, as a function of
the angular frequency, @, (empty symbols) for the L-WLNP in (a) and S-WLNP in (b), at various volume fractions, ¢. Solid lines in (a,b) describe the
fit (eq 2). (c) Normalized zero-shear viscosity #,/7; as a function of ¢, where 7 is the solvent viscosity. The solid line represents the Krieger—
Dougherty relationship for hard spheres. (d) Linear plot of 7o/, vs ¢. Dashed lines are the plot of eq 4 using values of [#] based on the Simha
relationship (eq S), considering the WLNP aspect ratio f retrieved from SAXS and TEM characterization, while the solid lines are the fits obtained

using eq 4.

nematic transition. The absence of any nematic domains was
also confirmed by performing birefringence experiments at rest.

The shear viscosit?r of the WLNP dispersions is well captured
by the Cross model™

;70 _’700
+ . ck\n
1+ (7/7")"] ()

where 7], is the zero-shear rate viscosity (low shear plateau), 77,

n=mn,

is the infinite shear rate viscosity (high shear plateau), 7* is the
characteristic shear rate for the onset of shear thinning, and » is
the power law exponent describing the shear-thinning region
(results from the cross-model fit are provided in Tables S2 and
S3, Supporting Information). At relatively high ¢, both WLNP
dispersions (Figure 4a,b) display a limiting viscosity at low
values of y (1,). However, in all cases, the viscosity plateau at
high shear rates, indicative of 7, lies outside our experimental
window. Thus, to fit eq 2, we use the values of 7., from the
prediction by Dhont and Briels for rigid rods, computed as®’

N O Y

0 s 45 In((l.)/d) (3)
where 7, is the solvent viscosity (see Tables S2 and S3 in the
Supporting Information for values of 77,).

To compare the shear rheology behavior exhibited by L-
WLNP and S-WLNP dispersions, we plot the values of 7,
obtained from the cross model, normalized by 7, as a function of
the respective ¢, see Figure 4c. For the lowest WLNP
concentrations where the cross-model fit is omitted, the value
of 1, corresponds to that for 7 at the lowest accessible shear rate.
Both WLNP dispersions (circle and star symbols) display a
similar increase in viscosity as a function of ¢p. However, the L-
WLNP leads to higher viscosity for a given volume fraction than
the S-WLNP. This observation is consistent with the higher

aspect ratio observed for the L-WLNP. For comparison, we plot
in Figure 4c the expected increase in viscosity as a function of ¢
for dispersions of hard spheres as given by the Krieger—

Dougherty (KD) relationship, 1,/n, = (1 — ¢/ d)max)_[”]'/)m“, by
using an intrinsic viscosity [#] = 2.5 and a maximum volume
fraction ¢, = 0.63 (for random close packing).”*'~* As
expected, the elongated WLNPs give rise to a significantly
stronger increase in shear viscosity compared to such hard
sphere dispersions. From the linear increase in viscosity for small
¢ (¢ — 0) (Figure 4d), the intrinsic viscosity, [#], for the
WLNP can be obtained as

T _ + [n]p
1, 4)

The Simha relation for rigid rod-like particles provides an

estimate of [#] by knowing the particle aspect ratio (f = I./d)
64

as

i P A U
15(In 2f— 1.5)  5(n2f—0.5) 15 (5)

1] =

Based on the SAXS and TEM characterizations, the particle
aspect ratio is f = (I.)/d &~ 50 and ~20 for the L-WLNP and S-
WLNP, respectively. These values of f yield the prediction of
[7n] = 176 and [5] = 38 for the L-WLNP and S-WLNP,
respectively, based on eq 5, that capture the trend of 7y/7, at
¢ — 0 closely (see the dashed lines, in Figure 4d).
Alternatively, using eq 4 to fit the data in Figure 4d, we obtain
an experimental assessment of [#] and f (from eq $). Following
this procedure, f = 40.6 (based on [#] = 123, solid line) for the L-
WLNP, whereas f=21.5 (based on [17] = 43, solid line) for the S-
WLNP. These f= (I.)/d values are consistent with the SAXS and
TEM data, whereby (I.)/d ~ 50 and ~20 for the L-WLNP and S-
WLNP, respectively. It is important to note that the f value
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Figure 5. (a—d) G’ (filled symbols) and G” (open symbols) as a function of the angular frequency, w, for the S-WLNP in (a,b) and L-WLNP in (c,d)
for different volume fractions, ¢. (e,f) Time—concentration superposition for the S-WLNP and L-WLNP at ¢ > ¢*. (e) G’ and G” vs the scaled
frequency (wno/n,). (f) IG*| and Iiy*|/ny vs wne/n, The master curves in (e,f) are constructed from 16 different data sets.

obtained by the Simha relation is retrieved from the zero-shear
viscosity, 1o, which probes the hydrodynamic dimension of such
nanoparticles in their equilibrium conformation. Thus, for
flexible anisotropic nanoparticles that can coil up in the absence
of flow, f is expected to underestimate the “real” aspect ratio as
determined by TEM analysis.”®

Finally, the WLNP overlap concentration, indicating the
transition from the dilute to the semi-dilute regime, can be
estimated, using [#7] obtained from the fit of eq 4, as ¢p* ~ [5] ",
yielding ¢* ~ 8 X 107* (~1.1% w/w) and ¢* ~ 23 x 107°
(~3.0% w/w) for the L-WLNP and S-WLNP, respectively.

Oscillatory Shear Rheology. In Figure Sa—d, we present the
storage (G, filled symbols) and loss (G”, open symbols)
modulus as a function of angular frequency (@), as obtained
from oscillatory shear rheology studies of the WLNP
dispersions. We find G’ < G” at all concentrations and
frequencies examined, which indicates a viscous-dominated
response. Interestingly, for all concentrations examined within
the semi-dilute regime (¢ > ¢*), the G” trends for the L-WLNP
and S-WLNP are self-similar and could be superimposed onto
master curves (Figure Se) by simply scaling the frequency as
@no/n, using the normalized zero-shear viscosity (1,/7;)
obtained from the steady shear measurements (see Figure 4c).
In contrast, the data collapse is much less satisfactory for G', with
this discrepancy becoming more evident when plotting tan 6 =
G”/G’ as a function of the scaled frequency (see Figure S2 in the
Supporting Information). By analogy to the well-known time—
temperature superposition principle, the construction of master
curves for G’ and G” at various concentrations using a scaled
frequency is usually described as the time—concentration
superposition (TCS) principle, which is expected to be valid
for systems that share the same relaxation mechanism.’”®
Although the data collapse for G’ is imperfect, especially at low
frequency, the G’ and G” master curves (Figure Se) still provide
a useful qualitative indication of the rheological behavior of the
WLNP over a wide range of angular frequency not accessible
from a single measurement at a fixed concentration.

At low frequencies, master curves reveal approximate

G" « (wny/n,) and G’ (cwqo/iqs)2 scalings, as expected for
viscoelastic liquids, whereas G’ ~ G” « (60770/775)0‘6 at high

frequency.”>®” Using the scaled frequency (w#,/7,), master
curves for the magnitudes of complex modulus, |G*|, and of
normalized complex viscosity, [*|/7,, could also be constructed
(Figure Sf). This suggests that the L-WLNP and S-WLNP share
the same relaxation mechanism in the semi-dilute regime. More
specifically, as G” provides a significantly better master curve, we
infer that the L-WLNP and S-WLNP exhibit the same viscous
relaxation behavior. For systems that share the same relaxation
mechanism, the TCS principle is expected to remain valid when
scaling the frequency as @z, where 7 is the longest relaxation
time of the colloidal particles. From the theory of rigid rods in
the semi-dilute regime4

/1, & ¢® and 7 x ¢* (6)

thus 17,/ (¢pn,) 7. If the rigid-rod theory holds for the WLNP,
then scaling the frequency as w#,/(¢n,) should provide more
appropriate master curves with better superposition. Indeed,
scaling the frequency as wrno/(¢pn,) has been rﬂe}mrted to be
successful for the TCS of rigid rod-like particles.”” However, in
our case, the scaling wny/n, shown in Figure Sef works
significantly better than the expected scaling for rigid rods, w#,/
(¢n,). This suggests that 7, o 7 is more appropriate for the
WLNP, rather than the 7,/¢ 7 relationship expected for rigid
rods. Considering 7 = 7*~" with y* obtained from the cross
model (fit to steady flow curves in Figure 4a,b), the relationship
1o & T seems to be supported (see Figure S3 in the Supporting
Information). Interestingly, the scaling relationship 7, « 7 has
been reported experimentally for some semi-flexible polymer
chains in solution.”®~""

Extensional Rheology. Uniaxial Extension. We proceed
by analyzing the rheological behavior of the WLNP dispersions
in uniaxial extensional flow as generated by the capillary-driven
thinning of a liquid filament. Snapshots of the filament thinning
are given in Figure 6a at different times expressed as t — t;, where
ty is the time of filament breakup. We compare the evolution of
the filament thinning of the L-WLNP and S-WLNP at ¢ = 66 X
107 and ¢ = 72 X 1073, respectively, so as to have comparable
shear viscosities 7, ~ 0.07 Pa s. Mineral oil with a constant
viscosity # = 1, = 24.5 mPa s, which is the continuous phase for
these WLNP dispersions, is used as a reference fluid. The L-
WLNP and S-WLNP dispersions exhibit a similar thinning
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Figure 6. (2) Binary images of the capillary thinning over time (¢ — t,)
for the L-WLNP and S-WLNP dispersions at ¢ = 66 X 107> and ¢ = 72
X 1073, respectively, with matched 7, ~ 0.07 Pa s, together with the
mineral oil (solvent) as a reference. The dashed red line in (a) indicates
the location where the filament radius at the mid-height (R,,q) is
obtained. (b) Filament radius at the mid-height (R,,;4) is plotted over
time (t — t,).

behavior (Figure 6a), with the fluid breaking at the middle point
of the filament. Such behavior is characteristic of the
viscocapillary regime.”> The mineral oil displays substantially
faster thinning compared to the WLNP dispersions, and the
breakage occurs at the two extremities of the fluid filament,
leading to the formation of a satellite droplet. In this case, the
low viscosity of the mineral oil gives rise to high fluid velocities
and inertia becomes dominant near the breakup time.*>”* In
Figure 6b, we compare the time evolution of the mid-height
filament diameter, 2R ;4 (tracked in the position of the dashed
red line in Figure 6a). The L-WLNP and S-WLNP dispersions
exhibit a similar reduction in the filament diameter over time,
following a linear decrease near the breakup time (see the
dashed line in Figure 6b). This is expected for viscous-
dominated fluids because filament thinning is governed by the
balance between the viscous and the surface tension force
(viscocapillary regime). A similar linear dependence of the
filament thinning over time has been observed for semi-dilute
dispersions of anisotropic particles'’~"” and also for solutions of
semi-flexible polymer chains.””® In contrast, highly flexible
polymer chains display a slower, exponential reduction in
filament thinning over time. This is known as elastocapillary
thinning, from which the relaxation time of the fluid can be
calculated.”" Unfortunately, in the absence of any measurable
elastocapillary regime, we are unable to obtain relaxation times
for the WLNP dispersions by the capillary thinning method.

The linear reduction in the filament diameter over time
suggests that these WLNP dispersions do not exhibit extensional
hardening.

From an industrial perspective, the presence of the WLNP in
the mineral oil prevents the formation of satellite droplets
without increasing the stringiness or stickiness of the fluid,
making such WLNP an ideal additive for applications based on
liquid handling (e.g., printing or jetting). Indeed, contamination
by satellite droplets and long filament tails are problematic for
applications that require rapid and clean dispensing of
viscoelastic fluids.

Planar Extension. We evaluate the pressure drop within the
OSCER device to retrieve information regarding the extensional
rheology of the WLNP dispersions. The pressure drop is
evaluated in two modes. The total pressure AP, is measured
with both opposing inlets (I, and I, see Figure 2b) and outlets
(O, and O,) operating at equal and opposite flow rates so that

planar extension is generated around the stagnation point. The
pressure of a shear-dominated flow without a stagnation point
was evaluated with only one inlet (I;) and one outlet (O,)
operating at a single constant and opposite flow rate and is
referred to as APy,... In Figure 7, we present the pressure drop
analysis for the L-WLNP and S-WLNP at ¢» = 66 X 10> and ¢ =
72 X 1073 respectively, using mineral oil as a reference
Newtonian fluid. We find that AP, ~ APy, for the oil as well
as for the L-WLNP and S-WLNP, indicating that the extensional
stress contribution to AP, is relatively small. The only
difference between the three samples shown in Figure 7 is the
slope of AP, and APy, as a function of the mean flow
velocity |Ul. The mineral oil follows AP, ~ APy, x U as
expected for a Newtonian fluid, while for the L-WLNP and S-
WLNP) APtotal = APshear & UO.S and APtotal = APshealr & U0.9J
respectively, as expected for shear-thinning fluids.”* In contrast
to these WLNP results, flexible and semi-flexible polymer
solutions exhibit a positive excess pressure drop such that
AP, ... = (AP, — APg...) > 0, when used at flow rates above
that required for the coil-to-stretch transition to occur, which is
associated with the development of significant extensional stress
within the stretched fluid.”'"”> Our uniaxial extension and
planar extension results suggest that (i) the rheological
properties in shear and extension are similar and (ii) the
WLNP do not cause extensional hardening, as is commonly
observed for solutions of flexible polymer chains.”"
Flow-Induced Alignment: Shear and Planar Extension.
To assess WLNP conformations under either shear or
extensional flow, we use a SFC to generate a shearing
deformation and an OSCER to generate planar extensional
deformations around the stagnation point that are steady and
shear free.'"** In Figure 8, we compare the birefringence for the
L-WLNP and S-WLNP dispersions at ¢ = 66 X 107 and
¢ = 72 X 1073, respectively. To account for these differing
volume fractions, the birefringence intensity, An, is presented in
normalized form as An/¢. In the SFC and OSCER, the increase
in mean velocity |Ul leads to a general increase in birefringence
and, at comparable values of |Ul, the L-WLNP always display
stronger birefringence than the S-WLNP (note the different
scale bar between the L-WLNP and S-WLNP in Figure 8).
Analyzing the birefringence pattern in the SFC, itis clear that the

S-WLNP L-WLNP  Oil
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Figure 7. Pressure drop in shear (APy,,,) and in the presence of the
stagnation point (AP,,) acquired in the OSCER device for the L-
WLNP and S-WLNP dispersions at ¢ = 66 X 10~ and ¢ = 72 X 1073,
respectively, with matched 77y ~ 0.07 Pa s, together with the mineral oil
(solvent) as a reference.
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Figure 8. FIB at characteristic mean flow velocities Ul for the SFC and OSCER. The L-WLNP [top row (a,c)] and S-WLNP [bottom row (b,d)] at ¢ =
66X 1073 and ¢ = 72 X 1073, respectively. The normalized birefringence, An/d, is illustrated by the contour plot while the direction of the slow optical
axis, 6, is indicated by the solid lines. The arrows indicate the flow directions.

most intense birefringence is obtained near the channel walls,
where the velocity gradient along the y-axis reaches its maximum
value. In contrast, birefringence is minimized close to the
centerline (y = 0 mm), where Iyl — 0. Birefringence describes
the extent of WLNP alignment and is expected to be
proportional to the number of aligned [, segments. Thus, near
the channel walls of the SFC, a higher proportion of the WLNP
segments is aligned when compared to the centerline. The solid
lines projected onto the contour plot indicate the orientation
angle of the slow optical axis (0) with respect to the x-axis and
reflect the WLNP orientation.”® For the L-WLNP, the angle
decreases significantly with increasing |Ul, indicating that almost
perfect parallel alignment to the flow direction can be achieved
at high flow rates (see Figure 8a).'>*%7°

In the OSCER, the fluid is compressed along the y-axis and
extended along the x-axis (see the coordinate system in Figure
8d with arrows indicating the flow direction), generating a
stagnation point at x = y = 0 mm. As the fluid moves away from
the stagnation point along the x-axis, it is subjected to constant
acceleration, resulting in a uniform extension rate, 181.57* The 0
angle indicates that the WLNP align perpendicular to the flow
along the compression axis (y-axis) and align parallel to the flow
in the extensional axis (x-axis). Such perpendicular alignment in
compression-dominated flows has been observed for various
anisotropic colloidal particles''®”””® and also for worm-like
micelles.”> The pronounced alignment along the compression
and extensional axes manifests as a diamond-like area of strong
birefringence around the stagnation point. Above a critical value
oflél required for the coil-to-stretch transition to occur, solutions
of flexible polymer chains in similar cross-slot devices show a
well-defined strand of strong birefringence along the extensional
axis (i.e., the x-axis at y = 0 mm) with no birefrin%ence bein:
observed for a large area along the compression axis. *>7*77~%
In contrast, rod-like nanoparticles align similarly under
compression as under extension, generating a diamond-like
area of intense birefringence around the stagnation point."> In
summary, it appears that the WLNP behave much more like
rigid rods than flexible polymer chains.

To obtain further quantitative insights regarding the WLNP
alignment, we extract the mean values of An from specific
locations of the SFC and OSCER and analyze these data with
respect to the relevant deformation rate. For the SFC, the mean

birefringence (An) is obtained at y = +0.1 mm for a distance
along the x-axis of 0.5 mm. For the OSCER, (An) is obtained
within a region around the stagnation point that corresponds
approximately to pure extensional flow, that is, at y = 0 mm along
—0.5 < x < 0.5 mm. (An) is evaluated as a function of |yl in the
SEC and €l in the OSCER, respectively, wherelyl = 3.38IUl/W
and lél = 0211UI/W.">* First, we note that the L-WLNPs are
significantly more birefringent than the S-WLNP and that the
extensional flow promotes the onset particle alignment at lower
deformation rates when compared to the shearing flow, as
indicated by the earlier onset of birefringence (Figure 9a).
Inspecting Figure 9a, it is evident that (An)/¢ values increase in
a similar fashion for |yl and €| for both L-WLNP and S-WLNP,
which suggests that an analogous flow-induced structural
mechanism operates in each case (Figure 9a). Based on
experimental observations for non-interacting rigid rods (¢ <
¢*), Calabrese et al."” suggested that the birefringence at
identical values of Iyl and lél is equivalent when accounting for
the Trouton ratio of the Newtonian solvent (Tr,) as a scaling
factor, specifically as

An(lyl) = An(TrJéNl; (7)

where Tr, depends only on the type of extensional deformation
(Tr, = 3, 4, or 6 for uniaxial, planar, or biaxial extension,
respectively).® Equation 7 was proposed based on the
hypothesis that rigid colloidal rods experiencing a pure
extensional flow perceive the extensional viscosity of the solvent
fluid, rather than the shear viscosity. The WLNPs investigated
herein lie within a concentration regime where interparticle
interactions occur (¢ > ¢9*), and their shape diverges from rigid
rods. Thus, eq 7 is no longer expected to be valid. As our purpose
is to experimentally test the formal identity of An under shear
and planar extensional flow, we modified eq 7 to capture the
deviation from the non-interacting rigid rods by incorporating a
dimensionless scaling parameter « in eq 7 such that

An(lyl) = An(aTrS|é|)||7|=|&-.| (8)

For non-interacting rigid rods, & = 1, whereas a > 1 indicates
deviation from such behavior. The birefringence data can be
collapsed onto single master curves by scaling ¢l by (aTr,) (eq
8) with @ ~ 2.4 and a ~ 1, for the L-WLNP and S-WLNP,
respectively, and Tr, = 4 (for planar extension) as shown in a
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Figure 9. (a) Normalized mean birefringence, (An)/¢, obtained at specific locations of the SFC and OSCER as a function of the respective
deformation rate (i.e., Iél and Ij1) for the L-WLNP and S-WLNP at ¢) = 66 X 10> and ¢ = 72 X 1073, respectively. In (b), |é| is scaled as aTr|él where Tr,
is the Trouton ratio of the solvent fluid and @ is an empirical scaling parameter. In (c,d), the double-linear plot for the L-WLNP and S-WLNP,

respectively, as in (b).

log—log plot Figure 9b and a double linear plot in Figure 9¢,d.
This indicates that under flow, the S-WLNPs behave like rigid
rods, whereas the L-WLNPs display a significant deviation from
such behavior, as captured by @ > 1. A plausible explanation is
that the shorter S-WLNPs are readily aligned under both shear
and extensional flows, behaving essentially as rigid rods in both
cases. In contrast, the longer L-WLNPs are 2.4X (ie., a = 2.4)
more effectively aligned under extensional flow than shear flow
when compared to rigid colloidal rods. We note that the scaling
factor for lél is obtained by minimizing the sum of squared
residuals between the two curves in Figure 9a (the detailed
procedure is provided in the Supporting Information).

To better assess the physical interpretation of the a parameter
in eq 8, it is instructive to evaluate the WLNP in terms of their
extensibility. For soluble polymers, the extensibility is usually

described by the finite extensibility parameter, Le = L/ (R*)"/?,
which is the ratio of the polymer chain contour length, I, which
corresponds to the maximum length achievable for the fully
stretched chain, to its root-mean-squared end-to-end length at
equilibrium, (R}/2 212 For rigid rod-like structures Le ~ 1,
whereas for flexible polymer chains, Le 3> 1.7'* In the case of
WLNP, the representative contour length (I.) has been
determined by TEM analysis. Using a worm-like chain model,
(R*) can be estimated using””

(R%y =2l ]. — 212(1 — exp(—1./1)) )

Using [, ~# S0 nmand [ = ([.) in eq 9, we obtain Le ~ 1.8 and Le =
2.7, for the S-WLNP and L-WLNP, respectively. Thus, the
longer L-WLNPs require more strain than the S-WLNPs to
achieve the fully elongated conformation. The ratio of the
contour length to the persistence length gives (I.)/I, = 14 and
(I.)/1, =5 for the L-WLNP and S-WLNP, respectively. This also
suggests greater flexibility for the L-WLNP. Overall, our analysis
suggests that @ can be regarded as a structural parameter that
contains useful information regarding the flexibility and
extensibility of the WLNP. As such, direct comparison of the
shear-induced versus extension-induced alignment can be used
to capture the extent of flexibility through the a parameter in eq
8. A premise for the use of eq 8 to retrieve a is that the increase in
birefringence as a function of Iyl is self-similar to the
birefringence as a function |él. Thus, these two curves can be

10039

collapsed onto a single master curve, as shown for the WLNP in
Figure 9b, indicating that similar flow-induced structural
changes occur during both shear and extension.

For the L-WLNP at low deformation rates, the birefringence
obtained under extension is up to 1 order of magnitude greater
than that under shear (see the arrows in Figure 9a). However,
birefringence values obtained under shear and extension flows
become similar at high deformation rates as the particles
approach their maximum alignment (Figure 9a). Thus, in the
limit of high deformation rates, the L-WLNPs approach their
fully aligned state, and the difference between shear and
extension for the L-WLNP alignment becomes negligible.*”

As rheological and structural properties are linked, we
evaluate the shear viscosity response of the WLNP dispersions
with the extent of particle alignment under shear flow. To clearly
visualize the WLNP alignment—rheology relationship, we plot
the shear viscosity, #(y), in its normalized form, /1, as a
function of the birefringence, (An)/¢, obtained at the same
shear rate (Figure 10a). The reduction in shear viscosity follows
an exponential decay with the increasing (An)/¢ for both
WLNPs, following a straight line in the semi-log representation
given in Figure 10b,c. This alignment—rheology relationship
suggests that a higher degree of WLNP alignment implies a
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Figure 10. (a) Shear viscosity normalized as #7/7, as a function of (An)/
¢ for the L-WLNP and S-WLNP at ¢ = 66 X 107> and ¢p = 72 X 1073,
respectively. In (b,c), the semi-log representation for the L-WLNP and
S-WLNP, respectively, as in (a).
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lower dispersion viscosity. A similar exponential relationship
between shear viscosity and particle alignment was also reported
for rod-like viruses,*®*° worm-like micelles, and block
copolymer worms”’ via rheo-SAS experiments.

We propose that WLNP alignment under extensional-
dominated flow produces an extensional-thinning response.
This hypothesis is supported by three key observations: (i) the
linear reduction of the fluid filament diameter over time (2R,,4
vs t — t, in Figure 6b) near the breakup time in the uniaxial
extension experiment, which is in distinct contrast to the
exponential decay observed for extensional-hardening fluids;”!
(ii) the lack of any detectable excess pressure drop (AP, .. =
APy — APy, ~ 0) within the OSCER device owing to
comparable extensional stress and shear stress under such
conditions (Figure 7); and (iii) the self-similar birefringence
trends under shear flow and under extensional flow, indicating
that an analogous structural mechanism operates in each case. In
addition to points (i) and (ii), the fact that G” exceeds G’ over a
wide range of angular frequency (see Figure Se) provides further
evidence that the elastic stress, arising from WLNP stretching
(bending), and the entropic stress, owing to a reduction in the
number of orientational configurations, must be small compared
to the viscous stress.

B CONCLUSIONS

We report the alignment and rheological behavior of two types
of WLNPs under both shear and extensional flows. The shear-
thinning behavior and a viscous-dominated response are
observed under shear flow. Moreover, the complex modulus
(G”) obtained as a function of the angular frequency for the S-
WLNP and L-WLNP in the semi-dilute regime can be described
by a concentration- and particle-independent master curve.
Under extensional-dominated flow conditions, the WLNPs
display a viscous-dominated response without any detectable
elasticity. WLNP alignment follows a self-similar trend when
subjected to either shear or extensional flow, with extensional
forces proving to be more effective at inducing the onset of
WLNP alignment than shear forces. To quantitatively capture
this difference, we introduce a scaling factor (aTr,) to the
extension rate as |yl = lél(aTr,), where a is a dimensionless
structural parameter related to the flexibility and extensibility of
the particles and Tr, is the Trouton ratio of the solvent (where
Tr, = 4 for planar extension). For the S-WLNP, the extensional
deformation rate was 4 times more effective at inducing the
onset of alignment than the shear deformation rate (with & = 1),
as previously shown experimentally for rigid rods.® Interest-
ingly, the L-WLNP did not follow the behavior expected for rigid
rods, and the extensional deformation rate was ~9.5 times more
effective at inducing alignment than shear deformation rate
(with a = 2.4). Although the S-WLNPs are considered to be
semi-flexible nanoparticles, FIB analysis suggested that they
effectively behaved as rigid rods under flow. In contrast, the L-
WLNPs were more efficiently stretched and aligned under
extensional flow than under shear flow compared to the S-
WLNP. The a parameter appears to correlate with the flexibility
and extensibility of the WLNP and enables the relative
effectiveness of extensional flow versus shear flow at inducing
particle alignment to be captured. This suggests that the «
parameter can serve as a useful index to infer the flexibility/
extensibility of anisotropic colloidal particles based on their
differing ability to induce birefringence under extensional and
shear flow, respectively. The scaling analysis required to obtain

relies solely on the self-similar behavior of the birefringence
under shear and extensional flow, without requiring any prior
knowledge of the nanoparticle contour length or persistence
length. In the future, it would be interesting to establish a more
physically grounded interpretation of the o parameter by
evaluating a library of WLNP, along with other rod-like
nanoparticles of varying contour lengths and flexibility. Finally,
we find that both types of WLNPs exhibit shear-thinning
behavior, with the dispersion viscosity decaying exponentially
with increasing WLNP alignment. Accordingly, we hypothesize
that greater degrees of alignment under extensional flow cause
extensional thinning. Compared to flexible polymer chains in
solution, the WLNPs offer important advantages owing to their
ability to tune the shear and extensional fluid viscosity by varying
the WLNP concentration while avoiding difficulties related to
flow instabilities and the stringiness/stickiness often associated
with flexible polymer chains. Overall, the shear and extensional
flow behavior reported herein suggest that these WLNPs may be
used as additives for formulations that require jetting, spraying,
and rapid, clean dispensing.
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