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Soft Matter:

Dynamics and Extensional Rheology of Polymer-Surfactant
Association Complexes

Carina D. V. Martinez Narvaez, Thomas Mazur and Vivek Sharma*

Understanding and characterizing the influence of polymers and surfactants on rheology, application, and processing is
critical for designing complex fluid formulations for enhanced oil recovery, pharmaceuticals, cosmetics, foods, inks,
agricultural sprays, and coatings. It is well-established that the addition of anionic surfactant like sodium dodecyl sulfate
(SDS) to an aqueous solution of an oppositely-charged or uncharged or polymer like poly(ethylene oxide) (PEO) can result
in the formation of the polymer-surfactant association complexes (P°S‘ACs) and a non-monotonic concentration-dependent
variation in zero shear viscosity. However, the extensional rheology response of polymer-surfactant mixtures remains
relatively poorly understood, partially due to characterization challenges that arise for low viscosity, low elasticity
fluids, even though the response to strong extensional flows impacts drop formation and many processing operations. In
this article, we use the recently developed dripping-onto-substrate (DoS) rheometry protocols to characterize the pinching
dynamics and extensional rheology response of aqueous P°S- solutions formulated with PEO (P°) and SDS (S°), respectively.
We find the PEO-SDS mixtures display a significantly weaker concentration-dependent variation in the extensional relaxation

time, filament lifespan, and extensional viscosity values than anticipated by the measured shear viscosity.

Introduction

Macromolecular engineering of formulations requires understanding
and characterization of the influence of macromolecular (polymers,
proteins), condensed (particles, drops, bubbles), or self-associated
(micelles and vesicles) dispersants on the interfacial and rheological
properties.! Nearly a century of experimental and theoretical efforts
have enabled us to elucidate how macroscopic shear rheology
response of polymer solutions and melts depends on
macromolecular properties, including the molecular weight,
concentration, charge fraction as well as matrix/solvent properties.-
5 However, the interaction and, often, the pairwise complexation of
a polymer with another polymer, particle, surfactant, or micelle
present significant challenges in formulation engineering, as the
physicochemical hydrodynamics of various components, as well as
the complexes, must be characterized and understood.t11 For
example, in aqueous solutions, the interaction between polymers
and surfactants can lead to spontaneous cooperative binding and
complexation above a critical aggregation concentration (CAC),
especially when one or both species are charged.l 11 |n this
contribution, we characterize and elucidate the influence of an
uncharged polymer (P9, an anionic surfactant (S), and their
association complexes (PSACs or PO9S-ACs) on the interfacial,
rheological and processing behavior of model two-ingredient
formulations. In previous studies,®* for a fixed polymer

concentration, an increase in shear viscosity as a function of
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surfactant concentration occurs beyond CAC, and a peak value
manifests at the polymer saturation point (PSP), followed by a
marginal decrease. However, it is unknown if similar non-monotonic
trends arise for pinching dynamics and extensional rheology of P9S-
systems, including P? = PEO (poly(ethylene oxide) and S-=SDS (sodium
dodecyl sulfate), motivating this study.

Polymer-surfactant mixtures and complexes influence the stability,
rheology, and applications of paints and coatings, printing inks,
cosmetics, foams, nanoemulsions, enhanced-oil recovery,
agrochemical sprays, food, and biological fluids, such as saliva, and
tracheal mucus.8 10,1521 polymers perform the role of film or fiber
formers, shear rheology modifiers, processing aids to change drop
size distribution (in spraying and coating applications), or stickiness,
and as stabilizers, flocculants, or compatibilizers. Surfactants change
surface tension, alter wetting and spreading behavior, abet in foam
and emulsion formation, solubilize drugs or dirt in micelles to
facilitate drug delivery or detergency, and again as processing aids in
free-surface flows. Spontaneous self-assembly of amphiphilic
surfactants in aqueous solutions leads to the formation of micelles
above a critical micelle concentration (CMC),22 whereas in the
presence of polymer, surfactants self-aggregate above CAC.% 10, 12,23
In addition to shear viscosity, tensiometry, conductometry, NMR,
and steady-state fluorescence quenching aid in identifying CMC and
CAC.% 12-14,24,25 Several recent simulation papers attempt to provide
a molecular picture of self-assembly and interactions.26 27 Though
CAC < CMC, the CAC is lower by one order of magnitude or more if
both species are oppositely charged leading strong electrostatic
driving force. The two values are of a similar order for P9S- systems
like PEO-SDS investigated here.
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Dispensing and liquid transfer to substrates by dripping,
jetting, or spraying involve capillarity-driven pinching of
liquid necks.2830 As streamwise velocity gradients
associated with extensional flows arise in pinching necks,
jettability, sprayability, spinnability, and stringiness
depend on extensional rheology response and pinching
dynamics.28-30 Likewise, making foams and emulsions,
gravure printing, and dispersal of drops by coughing,
sneezing, and speaking, the underlying spread of viral flu
involves pinching dynamics of multi-component fluids.31-
33 Addition of even a dilute amount of polymer with high
molecular weight causes significant changes in the
formation, size, and size distribution of drops.17.34-39 For
Newtonian fluids, an interplay of viscous, inertial, and
capillary stresses results in inertiocapllary, and
viscocapillary dynamics respectively observed for low (Oh

<1) and high viscosity Newtonian fluids (Oh >1). Here, the

Ohnesorge number, Oh =rn1/,/poR, provides a

dimensionless measure of viscosity, (ratio of
viscocapillary to inertiocapillary timescales), and scales
the shear viscosity, with the square-root of the product
of density, p surface tension, g, and a length-scale, R,.2%
29 polymer stretching and alignment in response to strong
extensional flow fields within pinching necks contribute
extra viscoelastic stresses that alter pinching rate and
timespan.3441 Analysis of pinching dynamics allows
characterization of the extensional relaxation time, Ay
and extensional viscosity, ng. In solutions of flexible
polymers like PEO,%248 A, can be much higher than the
shear relaxation time, A and 1 can be several orders of
magnitude higher than shear viscosity, 7ng, though
Newtonian fluids exhibit a Trouton ratio, Tr = ng/ns =

3 (and thus, one parameter captures their flow behavior).

However, characterizing extensional rheology response is
rather challenging as measurements require bespoke
instrumentation, display high sensitivity to deformation
history, and can be influenced by elastic or inertial flow
instabilities that can arise in microfluidic and stagnation

flow devices.2% 37,4954 Furthermore, most techniques are
suited for fluids with relatively high viscosity, and
typically the range of accessible strain or strain rates is
rather limited.37 44 47,50, 51,55 Table 1 summarizes the
published datasets®663 on PO9S- systems made with two
commercially-available techniques: RFX opposed jet and
CaBER (capillary breakup extensional rheometer). The
measurements rely on a flexible, relatively high
molecular weight (M,,) polymer, and the few data points
included show that the critical extensional rate,
&. beyond which strain hardening appears, decreases on
surfactant addition. The range (and number) of
surfactant concentrations explored at a fixed polymer
concentration is limited, and it is not apparent if the
extensional rheology response exhibits a non-monotonic
concentration-dependent variation. Furthermore,
Dontula et al. showed that strong inertial and shear
within the nozzle effects render the opposed jets
technique unsuitable for quantitative or accurate
measurements of 1;.%0 64 Likewise, characterization with
standard capillary breakup extensional rheometer
(CaBER) protocols is limited to liquids with A5, 1z > 1 ms
and ng > 50 mPa s, as a finite time (nearly 50 ms) is
needed for applying step-strain to a liquid bridge formed
between two plates.? 51 65 Indeed, Miller and Copper-
White®2 note: “These solutions are at the very threshold
of the operational space for the CaBER technique.” The
motivations underlying the current contribution are
three-fold: (i) address the characterization challenges
using dripping-onto-substrate (DoS) rheometry protocols
we developed recently, 4448 53, 6669 (jj) obtain
comprehensive datasets to examine non-monotonic
concentration-dependence is observed in processes
influenced by pinching dynamics and extensional
rheology response, and (iii) seek an understanding of the
role played by a combination of electrostatic and
hydrodynamic stretching for uncharged polymer (P9), an
anionic surfactant (S-), and their association complexes
(PSACs or P9S-ACs).

Table 1. The response of uncharged polymer —ionic surfactant solutions to extensional flows: summary.

Authors, Reference | Polymer- Cpolymer (Wt.%) Technique Remarks
(Year) Surfactant (M Csurfactant (MM)

g/mol), Solvent
Eastman, Goodwin PVP-SDS (0.7x106) c>c RFX Opposed- Strain hardening observed
& Howe3¢ (2000) 27-500 mM jet
Smitter... Saez57-59 PEO-SDS (4x106 & 0.01<c/c’<2 RFX Opposed- | AP vs. € plots show strain hardening,
(2001-2002) 8x10°) c<CMC jet &, decreases on adding SDS
Cooper-White, et PEO-SDS (1x10¢) c/c'~1; RFX Opposed- Tr <120, Strain hardening,
al.s° (2002) 50 wt.% glycerol 8-32 mM jet &, decreases on adding SDS
Torres... Saez! PEO-SDS or SDBS 500 ppm RFX Opposed- | Extensional thickening. €, decreases
(2008) (4x10¢) ¢ < c*=550 ppm jet above CAC.
E. Miller & Cooper- | PEO-SDS (2x10¢) 0.75 wt.% CaBER Agand apparent g reported for four
White®2 (2009) 5, 8, 16,32 mM SDS concentrations
Wang... Cooper- PEO-Tween20 or 0.75 wt.% CaBER Ag reported. DST measurements
White®3 (2016) SDS (2x106) c/c'<1 included.
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Experimental Methods and Materials

We characterize the pinching dynamics and extensional
rheology response using dripping-onto-substrate (DoS)
rheometry protocols.4448, 53, 66, 67 Several studies,
including our own, describe the characterization of the
extensional rheology and pinching dynamics using (DoS)
rheometry for solutions of neutral and charged
polymers,44-47, 53, 66, 67, 70-78 inks and particle
suspensions,*®: 79, 80 wormlike micellar solutions,46. 81-84
hydrocolloids and food materials (cellulose gum
solutions, ketchup, mayo),%® 67 and cosmetics (nail
lacquer formulations, hand-cream, shampoo, and
conditioners).46: 6 6 The DoS rheometry involve
visualization and analysis of pinching necks created by
dripping a finite volume of a liquid from a fixed nozzle
onto a partially wetting substrate. Briefly, the fluid is
pumped at a low and fixed flowrate, Q = 0.02 mL/min
through a nozzle with an outer and inner diameter of
Dy = 2Ry = 1.27 mm and D; = 0.838 mm,
respectively. A finite volume of the liquid is released onto
a substrate placed at distance H, such that the aspect
ratio of H / Do = 3. The DoS videos are further analyzed
with specially written MATLAB codes for determining
radius evolution over time. We measure the surface
tension values using the maximum bubble pressure
tensiometry (MBPT) set-up we built. MBPT relies on the
measurement of maximum bubble pressure as a function
of bubbling rate and facilitates the measurement of time-
dependent variation in surface tension correlated with
the rate of mass transfer of surface-active agents to a
freshly formed interface.8>87 We checked that the
pseudo-equilibrium values obtained using MBPT are
comparable to equilibrium surface tension values
obtained using pendant drop tensiometry and identify
CMC and CAC values. We report steady shear viscosity
measurements made using a torsional rheometer, using
a concentric cylinder (double gap) Couette cell on an
Anton Paar MCR 302 rheometer at 25 °C.

The polymer PEO with an average molecular weight M,, =
1.0 x 106 g/mol and the surfactant SDS purchased from
Sigma-Aldrich were used without further purification.
Aqueous PEO solutions were prepared by slowly adding
dry polymer powder to deionized water. The PEO
solutions were left on a roller for a minimum of five days
to ensure homogeneous and slow mixing, as high shear
mixing flows can lead to chain scission.88 89 Subsequently,
SDS was added and left overnight on a roller for complete
mixing. The polymer concentrations used in this study lie
below the overlap concentration (c* = 0.17%) of the
surfactant-free polymer solutions. The stretching of PEO
chains by electrostatics on complexation with charged
surfactant and micelles, and by hydrodynamics in
extensional flows lower threshold for overlap and
interchain interactions.? 4 42,47, 48, 66, 90

This journal is © The Royal Society of Chemistry 20xx

Results and discussion

Critical aggregation concentration (CAC) and polymer
saturation point (PSP)

Figure 1a shows that the surface tension of the polymer-
free solutions progressively decreases with csps but
attains a relatively constant value above a CMC. For a
fixed PEO concentration, SDS addition lowers the surface
tension up to CAC that signals the onset of the polymer-
surfactant complexation. Beyond polymer saturation
point (PSP), surface tension decreases towards the values
for polymer-free SDS solutions. The plot of specific
viscosity 7s, = (o — 15)/Ms as a function of csps (see
Figure 1b) displays a plateau region at low surfactant
concentration, and an increase in viscosity above the
critical aggregate concentration (CAC), with the peak
value at PSP. At excess micelle point (EMP), the unimer
concentration equals the CMC value, and free micelles
form. Here viscosity of water defines solvent viscosity,
ns , such that n,, values capture the solute contribution
to 7ny. Specific viscosity measured at lower polymer
concentrations (0.08 and 0.01 wt.%) exhibits the same
CAC value of 5 mM. However, the PSP value depends on
polymer concentration, in agreement with the previous
reports on P9S- systems including PEO-SDS, PEO-SBDS,
and PVP-SDS.6% 91 The changes in surface tension and
steady shear viscosity are influenced by the surfactant-
like and the polymer-like behavior of the polymer-
surfactant complex, respectively.2®

Figure 1c schematically illustrates the evolution of
uncharged polymer — anionic surfactant (P9SY)
interactions and complexation under equilibrium
conditions as a function of surfactant concentration. The
picture, inspired by previous experimental and
theoretical work, is sketched for a dilute polymer
concentration.8-14 24,92-95 The onset of P9S- complexation
occurs at CAC as self-assembly drives the formation of
surfactant clusters or "beads" (bound micelles) on
stringlike polymer chains, forming a "beaded-necklace."?
10,9 The colored background in Figure 2 visually aids in
identifying the four regimes: I: Below CAC; both polymer
and surfactant unimers coexist in equilibrium: no bound
or free micelles, no necklace. Il: CAC-PSP, the formation
of partially beaded-necklace, and coil expansion. 1l PSP-
EMP, the size and number of beads increases with csps.
IV: EMP — beyond, beaded necklace, free micelles, and
unimers coexist. The increase in csps beyond PSP leads to
increased electrostatic screening and coil contraction. As
free micelles form above EMP, it is also referred to as
CMC,. The size of beads or the aggregation number, Nagg
(20-50) for SDS clusters bound to PEO at csps << PSP is
lower than the Nu = 60-80 for free micelles in the
polymer-free SDS solutions (csps <100 mM).%7: %8 The Nagg
increases with csps in both cases, and above PSP, beads
have Nug similar to free micelles.®? %8 The beaded-
necklace chain in the presence of excess unimers is
hydrodynamically similar to a polyelectrolyte chain in the
presence of added ions.2

Soft Matter 2021, XX, XX-XX | 3
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Figure 1. Surface tension and specific viscosity of
SDS/PEO solutions. a) Surface tension of SDS solutions
and 0.1 wt.% PEO as a function of SDS concentration. CAC
(6 mM) is lower than CMC (8.2 mM). Surface tension
values exhibit a mild decrease above CAC. At regime IV,
values approach the free-polymer SDS curve (red). (b)
The specific viscosity of SDS/PEO as a function of csps
shows distinct regimes delimited by the critical
aggregation concentration (CAC) at 5 mM SDS, and the
polymer saturation concentration (PSP) that depends on
polymer concentration. PEO concentration corresponds
to a dilute regime in surfactant-free solutions. The two
dotted lines that show PSP and excess micelle point, EMP
respectively are included in (a) as well. The PSP (12.5 mM)
and EMP (18 mM) for 0.1 wt. % values shift to lower
concentrations for 0.08 wt.% and 0.01 wt.% PEO. (c)
Schematic shows conformation of the polymer-
surfactant association complex as a function of anionic
surfactant concentration for a fixed amount of an
uncharged polymer.
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Characterization of pinching dynamics

We use DoS rheometry protocols to investigate the
influence of change in conformation of beaded-necklace
chains on pinching dynamics and extensional rheology
response. In a typical DoS rheometry experiment, drops
are released onto an unbounded, partial wetting
substrate at distance H from the nozzle of diameter 2Ry.
However, as surfactants can influence wettability,?9: 100
here we evaluate the influence of partial vs pinned
wetting, before discussing the extensional rheology
response. Figure 2a shows the pendant drops visualized
before touching and spreading for both partial and
pinned wetting, and includes a schematic illustrating how
a disc-shaped substrate provides a pinned contact line.
Figure 2b shows the sessile drop diameter expansion for
24 and 40 mM SDS with 0.1 wt.% PEO over the partially
wetting substrate. An initial scaling of /7 associated
spreading involving dissipation near the contact line,100
observed for both concentrations followed by a plateau
regime that coincides with the elastocapillary region (EC),
relevant for extensional rheology characterization
(discussed next). The apparent contact angle and the
diameter of the sessile drop are nearly unchanged
between the instants 1 and 2 (see snapshots), and further
spreading occurs long after pinch-off event (image at
instant 3 is at t = O(1000 ms), whereas pinch-off occurs
before t <50 ms).

The neck shape evolution for pinned and partial wetting
conditions are included in Figure 2c for 20 and 40 mM SDS
with 0.1 wt.% PEO, and visually, the neck shape and
pinching rate appear comparable. The corresponding
radius evolution data included in Figure 2d shows that
partial and pinned wetting display quantitatively similar
behavior. We include an additional dataset for 10 mM
SDS to highlight the similarity in the neck thinning
dynamics. In our studies with DoS rheometry protocols,
the pinching laws used are derived for self-thinning
dynamics by assuming that spreading and pinching
dynamics are decoupled.?448 53 Though in Dinic et al.*®
we discussed the use of a pinning contact line on a disk
to emulate a pinned lower drop in CaBER experiments,
we found partial wetting substrates provide pragmatic
and quantitative measurements. Our choice was also
guided by our experimental observations using different
substrates consonant with the extensive literature on the
influence of moving contact lines on the capillary
breakup, and transfer ratio (TR: the fraction of liquid
transferred to a lower plate) that find an enhancement in
pinching rates and TR on wetting substrates (relatively
small contact angles, and high surface energy). 101-106
Previously, Zhang and Muller8! utilized the pinned
wetting for DoS rheometry of surfactant solutions. More
recently, Wu et al.8* dripped wormlike micellar solutions
on high surface energy metal surfaces, and found that the
moving contact lines impact pinching dynamics only for

Capillary number, Ca >0.1, where Ca=%c059 is

defined using mean spreading velocity, U and apparent
contact angle, 8. We find Ca << 0.1 for partial wetting
substrates (larger 6, leads to smaller Ca). In practice, the
wetting behavior of substrate must be evaluated for each
liquid used in DoS rheometry experiments.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Contrasting pinching dynamics and dripping-onto-substrate (DoS) experiments using a partial vs a pinned wetting

substrate. (a) Zoomed-in images of the pendant drops formed using dripping-onto-substrate protocols right before a contact
with a partial (left) or pinned (right) substrate placed at a distance, H from the nozzle of diameter 2R, such that H/2R, = 3.

Dripping-onto-substrate setup includes a high-speed camera and a light source with a diffuser. A dispensing system (not

shown) includes a syringe pump connected to a nozzle (2Ry) and is used to release a finite fluid volume onto a partial or
pinned wetting substrate. A disc of diameter 2Rp is used to pin the contact line. (b) Evolution of the sessile drop diameter as

a function of time tracked on a partial wetting substrate for two PEO/SDS solutions. Drop spreading exhibits an initial growth
law of t1/7 as shown for both 24 and 40 mM SDS dissolved in aqueous solution of 0.1 wt.% PEO. The spreading rate is quite
low in EC regime and after pinch-off. Three snapshots are included to visualize the change in the relative drop size. (c) Image

sequences show changes in neck shape and sessile drop size on partial wetting and pinned substrates. No significant changes
can be perceived during the pinching process. The time step between snapshots for 20 mM SDS and 40 mM formulated in

aqueous PEO (0.1 wt.% ) solution is 7 and 8 ms, respectively. (d) Neck radius evolution compared for three SDS concentrations

in 0.1 wt.% PEO solution using a partial wetting (closed symbols) and a pinned substrate (empty symbols). Nearly matched

response is observed.

Figure 3a shows the neck shape evolution of PEO/SDS
mixtures with a matched starting point of R/Ro~ 0.5. A
single conical neck forms for pure water as shown in the
image sequence in the top row with a timestep, At = 0.5
ms. In contrast, slender cylindrical necks form for the
polymer-surfactant solutions and exhibit delayed pinch-
off (At = 5 ms). An increase in SDS concentration leads
to a non-monotonic change in filament lifespan, t; thus
requiring more snapshots for 16 mM SDS than for 8 mM
as well as 32 mM SDS. Interaction of PEO with the ionic
surfactant, SDS leading to the formation of an
electrostatically stretched beaded-necklace increases tf
and ny(csps), and shifts the onset of shear thinning
response for csps >8 MM to the measurable range, as seen
in Figure 3b (the Carreau model fits are included as a
dotted line).

Though the addition of 12 mM and 60 mM SDS to the PEO
solutions results in a nearly matched shear viscosity, the

This journal is © The Royal Society of Chemistry 20xx

pinching dynamics are remarkably dissimilar, with a
longer pinching time manifested for 60 mM. The radius
evolution data in Figure 3c also displays a longer t;for 16
mM than for 32 mM, and though t; for 60 mM is larger
than for 32 mM. As the shear viscosity of the P9S- systems
used in the study is relatively low, leading to Oh < 1, the
initial radius evolution shows an inertiocapillary response
for all mixtures, described by the following expression:

R t,—t\2/3

=X (%) @
Here the inertiocapillary or Rayleigh time, tx = \/pR3/c
and t, represents the pinch-off time or filament lifespan
for a Newtonian fluid and is a parameter for fitting the IC
regime for polymeric fluids. The experimentally
measured values of X as well as the values obtained using
volume-of-fluid based numerical simulations vary
between 0.4-0.6, as detailed elsewhere.28 29, 107 Eyen
though the interplay of gravity and capillarity influences
the shape of the pendant drop, gravity exercises a

Soft Matter 2021, XX, XX-XX | 5
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negligible impact on the pinching dynamics. The value of
the dimensionless group, Bond number, Bo = ApgR?/o
becomes rather small as pinching proceeds for it ranges
between Bo = 0.06-0.1 if nozzle size R = Ry, is used for
estimation, and Bo<<1 within the pinching neck.

In contrast, the second elastocapillary regime displays an
exponentially slow decay in the radius that can be
described by the following expression:

@: GERO " exp _t_tc (2)
R, 20 34,

The simplest expression for elastocapillary response
based on the Oldroyd-B model40. 90, 108113 yses shear
modulus and shear relaxation time as parameters.

(a) 'Water

At=0.5 ms

0 mM SDS w/ 0.1 wt.% PEO

8 mM SDS w/ 0.1 wt.% PEO

16 mM SDS w/ 0.1 wt.% PEO

32 mM SDS w/ 0.1 wt.% PEO

60 mM SDS w/ 0.1 wt.% PEO

At=5.0 ms

However, the measured extensional relaxation time, A
usually differs in magnitude and concentration-
dependent variation from the shear relaxation time for
flexible polymers like PEO due to the role of stretched
chain hydrodynamics. Likewise, the apparent extensional
modulus, GE which can be computed from the neck

radius at the transition from IC to the EC regime at t, also
exhibits values distinct from shear modulus. The
measured differences arise due to the influence of chain
stretching, conformation-dependent drag, and finite
extensibility, and for flexible polymers, strong
extensional flows can lead to coil-stretch transition.47. 48
53, 114116 The EC fits to the radius evolution data are
shown as a dotted line in Figure 3c.

(b)
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Figure 3. Contrasting the concentration dependence on radius evolution data obtained using DoS rheometry and shear
viscosity data obtained with torsional rheometry. (a) Representative snapshots exhibit a comparison of different neck
shapes for water, polymer (PEO), and polymer-surfactant solutions (PEO/SDS). (a) The shear rheology response of
polyethylene oxide (PEO) and sodium dodecyl sulfate (SDS) aqueous solutions were characterized using a concentric cylinder
(double gap) Couette cell on an Anton Paar MCR 302 rheometer at 25 °C. A matched flow curve is observed for 12 and 60
mM SDS. The Carreau model fits are included as a dotted line. (c) Radius evolution of PEO/SDS solutions. The addition of SDS
to polymer solutions (PEO) delays pinch-off event compared to the polymer solution with no SDS added. 60 mM SDS do not
overlap with 12 mM, as seen in shear viscosity data. Dashed lines show EC fits obtained using equation (2).

In some cases, finite extensibility effects,*7. 48 53, 117, 118
(not included in the Oldroyd-B model) manifest as a
terminal viscoelastocapillary (TVEC) regime, with a linear
decrease in radius R(t)/Ro = (tf —t)/trygc. Here
trvec = 20hTr™ with Tr® = ng’ /n defined as the ratio
of a strain-rate and strain independent steady, terminal

6 | Soft Matter , 2021,XX, XX-XX

extensional viscosity, ng’ and the rate-independent zero
shear viscosity. The fits to the TVEC regime allow the
computation of nz and the filament lifespan, t (or the
overall pinch-off time). Table 2 lists the parameters
extracted by analyzing the radius evolution data and also
includes the values of the zero shear viscosity and surface

This journal is © The Royal Society of Chemistry 20xx
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tension measured using torsional shear rheometry and
maximum bubble pressure tensiometry.

Extensional relaxation time and extensional viscosity

Figure 4a shows the plot of G¢ and t. vs. cgpg and even
though the value of t. shows slight variation, Gg increases
linearly up to PSP here error bars are similar to the size of
symbols). Figure 4b shows that the extensional relaxation
time, /IE obtained by fitting the radius evolution profiles

included in Figure 3c (and the data for a few extra
concentrations) for a fixed PEO (0.1 wt.%) concentration,
exhibits a non-monotonic variation with csps. The peak
observed at 14 mM exhibits A value that is 2.3 times the
value obtained for the surfactant-free PEO solution
(included as a horizontal line). As the csps increases, Ag
remains nearly constant even as CAC is exceeded, and Ag
increases with concentration once csps exceeds 10 mM (~
2 times CAC), rising to a peak value at 14 mM even though
PSP = 20 mM is computed from the specific viscosity
curve. We observe that the filament lifespan, t; also
exhibits a non-monotonic concentration dependence
distinct from the response expected using shear rheology
response. On increasing surfactant concentration
further, Az value dips and then increases again beyond
Csps = 24 mM. In addition to extensional relaxation time,
the analysis of radius evolution data using the expression

nE,g(t):g/R(t) facilitates the computation of an

apparent extensional viscosity nEzn’E(g,g"z). The

balance between extensional and capillary stresses is
carried out assuming inertial and viscous terms are
negligible. Here, capillary stress depends on the ratio of
surface tension, o to the transient neck radius. Though
the effect of dynamic adsorption is not considered here
(a detailed investigation is ongoing), previous studies
indicate that soluble surfactants with fast adsorption
kinetics and concentrations above CMC show significant
surface coverage,119-122 ynlike insoluble surfactants that
provide contributions by Marangoni stresses and are
entirely swept away from the pinch-off zone in the late

stage.123, 124 The extension rate, gz—zR(z)/R(t)

determined from the radius evolution profiles, exhibits a
constant value in the EC regime. However, in IC and TVEC
regimes, the value diverges as ¢ = 2n/(t, — t) withn =
2/3 and 1 respectively.

The apparent extensional viscosity plotted as a function
of Hencky strain, 8:21n(R0/R(t))in Figure 4c exhibits

strain hardening for all systems and the TVEC regime is
manifested for the solutions with csps >24 mM. The
extensional viscosity value and Tr for the surfactant-free
PEO solution are higher than the PEO-SDS solutions with
Csps <16 mM. The measured value of maximum
extensional viscosity that correspond to the steady,

This journal is © The Royal Society of Chemistry 20xx

terminal extensional viscosity values for csps > 24 mM,
shown in the inset of Figure 4c, show relatively weak
concentration-dependent variation in comparison to the
shear viscosity response. The Tr ratio estimated using the
ratio of these plotted values to the corresponding zero
shear viscosity values are nearly three times lower than
the value measured for the SDS-free PEO solution,
correlated with the higher extensibility (ratio of stretched
chain to unperturbed coil size) in comparison to
electrostatically stretched, beaded-necklace chains. The
Trouton ratios measured for PEO-SDS solutions are in the
range of Tr~0(103 — 10%) , that is up to two orders of
magnitude greater than the values calculated using the
opposed-jet technique and reported by Cooper-White et
al.®0 for similar PEO-SDS solutions (made with glycerol-
water mixtures and 0.15 wt. % PEO). However,
Tr~0(10% — 10%) agree with the more recent
extensional viscosity values measured using CaBER (for
SDS < 32mM) by the same co-authors.52 63 However, as
the opposed-jet technique presents challenges for
quantitative characterization,®% 6 and both capillarity-
based methods show comparable Tr values, we conclude
that even though the maximum extensional viscosity is
103 — 10* fold higher, the nearly-matched stretched
chain size provides comparable values for the PEO-SDS
solutions as shown in the inset of Figure 4c.

A comparison of the shear and extensional relaxation
times is shown in Figure 4d. Remarkably, the A values
estimated using the Carreau model fits for 12-60 mM are
an order of magnitude larger than the A5 values, implying
that the conformations, strain, degree of chain overlap,
and relaxation dynamics are quite different in shear and
extensional flow fields. Though extensional relaxation
time is longer than A for neutral polymers as well as
polyelectrolytes,3- 38, 42, 45, 47,48, 66, 67, 71,90 the rather large
values for A observed in the polymer-surfactant mixtures
compared to extensional relaxation time are consistent
with three scenarios. Previous studies that show 1 > A5
arises due to the role played by transient junctions created
by entanglements for neutral polymers,* ' and by
stickers for associative polymer solutions.'? The
observation of A; > A; in wormlike micellar fluids!'?’-130
is often attributed to different dynamics of micelle
creation and destruction for the stretched states in
response to shear and extensional flow. Here, the PEO
concentration is relatively low compared to entanglement
concentration and SDS concentrations are well below the
range where wormlike micelles form. Even though
complexation expands coils and alters the size of self-
assembled structures, the formation of entanglements or
wormlike micelles is unlikely. Therefore, the observation
of A; > Ay suggests that some beads are acting as transient
junctions, and the creation and destruction rate of such
junctions change in the presence of strong extensional
flows.

Soft Matter 2021, XX, XX-XX | 7



PlEasedo o i:5t margins

ARTICLE Journal Name

Table 2. Concentration-dependent parameters of zero shear viscosity, shear relaxation time, surface tension, transition time,
the scaled radius at the onset of EC regime, filament lifespan, and extensional relaxation time are extracted from the radius
evolution data for 0.1 wt.% PEO solution with a range of SDS concentrations.

Csps Mo Ag o Lt R./Ry ty Ag
(mM) (mPa-s) (ms) (mNm™) (ms) () (ms) (ms)
0 1.7 - 62.1 4.6 0.1 0.112 13.9 £0.3 1.5 +0.05
2 1.7 - 48.2 4.7 0.2 0.101 19.5 £0.2 2.1+0.04
4 1.8 - 45.4 4.5+0.1 0.136 17.7 £0.3 2.010.01
5 1.8 - 44.6 5.1+0.2 0.143 19.0 £0.7 1.9 +0.06
8 3.4 7.3 43.3 4.7 0.4 0.167 20.0£0.6 2.1+0.01
10 4.4 8.0 43.0 4.510.4 0.205 20.4 1.6 2.2 £+0.04
12 5.6 10.8 42.2 4.2 +0.5 0.302 26.5 0.8 2.6 £0.03
14 6.5 11.8 40.3 5.0 £0.2 0.227 28.1%1.4 3.4 £0.04
20 8.0 14.1 39.8 5.1+0.2 0.270 29.2#0.9 2.9 £0.07
24 7.3 12.6 39.1 4.7 0.2 0.281 26.110.5 2.5 +0.04
32 6.9 134 38.6 4.9 0.5 0.246 25.2+0.7 2.6 £0.01
40 6.4 12.0 39.0 5.9 £+0.5 0.246 29.5%1.4 3.4+0.13
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Figure 4. Extensional rheology response of aqueous solution of polymer-surfactant mixtures (0.1 wt.% PEO with variable
Csps). (a) Apparent extensional modulus and transition time as a function of csps. (b) Extensional relaxation time and filament
lifespan of the PEO/SDS solutions. Horizontal lines represent the measured parameters for a PEO solution with no added
surfactant. (c) Extensional viscosity as a function of Hencky strain and the inset shows the maximum value measured as a
function of csps. (d) Extensional and shear relaxation times of the PEQO/SDS solutions show values that differ significantly,
and the peak values also occur at distinct concentrations. The shear relaxation time A; is nearly an order of magnitude larger
than Az.
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Figure 5 summarizes the key findings of this contribution and
presents the contrasting shear and extensional rheology response
using zero shear viscosity and extensional relaxation time values
obtained for the aqueous PEO-SDS mixtures normalized by the
corresponding values obtained for SDS-free PEO solutions with 0.08
wt.% and 1 wt.% PEO. Though shear viscosity increases by nearly an
order of magnitude, the extensional relaxation time increases only
by a factor of two, and the peak values for the latter are not obtained
at the PSP or the peak observed in shear viscosity measurements.
The increase in concentration-dependent zero shear rate viscosity 17,
values at low csps, up to a peak at PSP, followed by a dip is often
attributed to the influence of surfactant unimers and bound/free
micelles on the conformation of “beaded-necklace” polymer chains.
The range and extent of electrostatic interactions affect polymer
conformation and influence inter- and intrachain interactions that
lead to nearly an order of magnitude higher peak viscosity. A ten-fold
increase in viscosity implies the beaded necklace chains are either in
semi-dilute regime (as the overlap concentration for polyelectrolytes
is lower, and semi-dilute regime that arises for ¢">1 shows 74, > 1)
or the beads effectively behave like transient junctions (complexes
behave like associative polymers).

CAC PSP

0.1 wt.% PEO w/ SDS J i

1

© Mg, complex!Msp, PEO :

® e, complex/Me, PEO 1

o 0.08 wt.% PEO w/ SDS :
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Figure 5. Comparison of extensional and shear rheology response
of aqueous solution of polymer-surfactant mixtures (0.1 wt.% PEO
with variable csps). Normalized specific viscosity contrasted with
normalized extensional relaxation time shown for solutions
formulated with 0.1 wt.% and 0.08 wt.% PEO. Critical aggregation
concentration (CAC) and polymer saturation point (PSP) observed in
shear viscosity measurements (showed in dotted lines) do not
capture the transition concentrations for concentration-dependent
variation of extensional rheology response.

Soft Matter:

The solution viscosity is relatively low and hence the viscoelastic

response is below the resolution in the oscillatory shear
measurements, thus preventing us from making direct comparisons
with transient network models. However, the onset of shear thinning
and the decay constant obtained from elastocapillary pinching
provide us with two distinct measurements of relaxation time,
contrasted in Figure 4d. The enhanced values of 7, and 4, and
limited or complete disassociation of such transient junctions in
strong flows,126 |eading to shear thinning response as well as
manifestation of extensional relaxation time, Az values comparable
to the stretched

characterization of multi-sticker associative polysaccharides with

neutral chains. Extensional rheology
flow birefringence and excess pressure drop across a stagnation
point in cross-slot extensional rheometer3” and of hydrophobically
modified alkali-soluble emulsion (HASE) polymers using opposed

131 .
solutions show a

jets suggest that associative polymer
pronounced degree of extensional thinning as the response is
dictated by destruction of the transient network. In contrast, the
aqueous solutions of PEO-SDS mixtures show strain hardening in
Figure 4c, with nearly matched maximum extensional viscosity
values. However, the studies on associative polysaccharides were
carried out at much higher polymer volume fractions and as
polysaccharides show lower flexibility and extensibility than PEO, the
relatively enhancements in Tr ratio even for bare polysaccharides are

quite low at comparable molecular weights.47. 4853

Conclusions

In summary, the addition of SDS to an uncharged polymer like PEO
increases the pervaded volume, leading to a lower overlap
concentration, lower critical shear rate for the onset of shear
thinning, and higher measured specific viscosity values (almost an
order of magnitude higher). However, the extensional relaxation
time and extensional viscosity exhibit a weaker concentration-
relaxation dynamics and drag of the
comparable even if

dependence as the

hydrodynamically-stretched chains are
surfactant changes the equilibrium coil size. The relatively weak
variation in filament lifespan and extensional relaxation time cannot
be anticipated with shear rheology characterization. We rationalize
the observations by treating P9S-ACs as stretched, charged, beaded-
necklace chains with electrostatic-stretching determined by
surfactant concentration and hydrodynamic-stretching sensitive to
flow type. As macromolecules can undergo relatively large stretch,
even coil-stretch transition, under the effect of an extensional flow,
the extent of stretching determines the value of Tr especially in the
finite extensibility regime. We find that Tr values for the P9S- systems

are nearly a factor of 3 lower, implying the extensibility itself is 1.7
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times lower, consistent with the previous determination of
conformational changes in an uncharged polymer that interacts with
an ionic surfactant. We anticipate that protocols and findings
described herein will help in a better understanding of the
rheological and processing behavior of formulations containing
flexible uncharged polymers and ionic surfactants, especially during
processing operations involving strong extensional flows.
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