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ABSTRACT: In many commercial applications, polymer−dye inter-
actions are frequently encountered from food to wastewater treatment,
and while shear rheology has been well characterized, the extensional
properties are not well known. The extensional viscosity ηE and
relaxation time λE are the extensional rheological parameters that
provide valuable insights into how aqueous polymers respond during
deformation, and this study investigated the effect of dyes on the
extensional rheology of three different aqueous polymer solutions (e.g.,
anionic, cationic, and neutral) paired with two different dye salts (e.g.,
anionic and cationic) using drop pinch-off experiments. We have found
that the influence of dyes on the pinch-off dynamics is complex but
generally leads to a decrease in, for example, the apparent extensional
relaxation time. We have utilized the dripping-onto-substrate method to
probe the uniaxial deformation of widely used polymers such as xanthan gum (XG), poly(diallyldimethylammonium chloride)
(PDADMAC), and poly(ethylene oxide) (PEO) as the anionic, cationic, and neutral polymers, respectively, paired with either
fluorescein (Fl) or methylene blue (MB) as the anionic and cationic dyes, respectively. Polymer−dye pairs with opposite charges
(e.g., XG−MB and PDADMAC−Fl) displayed a pronounced decrease in pinch-off times, but even PEO, which is a neutral polymer,
resulted in decreased pinch-off times, which was restored by the addition of NaCl. The pinch-off times for the Boger fluid (mixture
of poly(ethylene glycol) and PEO), however, were surprisingly uninfluenced by dyes. These results showed that not only did the
small addition of dyes strongly decrease the polymer relaxation times, but the relative importance of the dye salts on the polymer
pinch-off dynamics was also different from that of pure salts such as NaCl.

■ INTRODUCTION
Polymer−dye interactions are relevant for many industrial
applications, including but not limited to, wastewater treat-
ment,1,2 textiles,3,4 biodegradable packaging,5 pharmaceuticals,6

inkjet printing,7−9 and fiber spinning.10,11 The interactions
between the polymer and dye molecules are often complex and
have been highlighted by numerous works. For example, Slark et
al. showed that due to polymer−dye interactions, hydrogen
bonds form between the dye hydroxyl and polymer carboxyl
groups as well as dye−dye self-association between the hydroxyl
groups of the dye molecules.12,13 Berman et al. showed that
when Congo Red (CR) dye was mixed with poly(ethylene
oxide) (PEO) at high dye concentrations, the specific viscosity
of the PEO-CR solutions increased due to the interactions of the
SO3 groups of the CR with the PEO molecules.14 Tang et al.
found that adding PEG to a reactive dye solution prevented the
formation of satellite drops, stabilizing inkjet printing.15 Lee et
al. showed that the addition of small amounts of dyes in polymer
solutions (e.g., fluorescein and titan yellow in PEO and
polyacrylamide solutions) caused a decrease in the tensile
stress, which was possibly due to the decrease in the polymer coil
size and the loss of chain extensibility.11 While empirical studies

exist with regard to the shear rheology and tensile stresses of
polymer−dye interactions,11,15−17 it is unclear a priori whether
polymer−dye interactions would result in diminished exten-
sional rheological parameters such as the extensional relaxation
time, λE, and the extensional viscosity, ηE. The extensional
rheological parameters are important for various applications,
for instance, in predicting the sensory characteristics of food for
its production and various food processing steps.18,19 Since salts
are commonly involved in food production, we next seek to
summarize the influence of salts on polymer rheology.
The influence of pure salts is known to affect the polymer

molecule structure and the intermolecular interactions for shear
rheology.20−22 For example, while XG is marketed as a salt-
stable polyelectrolyte, the XG critical concentration regimes are
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indeed sensitive to the addition of NaCl. XG also has aminimum
NaCl concentration, which drives the disorder-to-order
transition of the molecules, beyond which further addition of
salt has minimal influence on the viscosity.23,24 Turkoz et al.
showed that the decrease in the relaxation time of the
polyelectrolyte was influenced by the counterion radii and the
valence of the salt, where they suggested that the larger
counterion radii shielded the electrostatic interactions between
the polymer chains more strongly than the smaller cationic radii,
leading to a decrease in the polymer shear relaxation time (λS) of
polyelectrolyte−salt solutions, although shielding was not the
only proposed mechanism. For a monovalent salt, the reduction
of λS depended on the type of salt, in the order of dominance of
the ions following the Hofmeister series, which ranks the ionic
potential for influencing protein solubility in solution.21,25

Besides decreasing the shear viscosity and relaxation time,
depending on the type of polymer, the extensional relaxation
time and extensional viscosity of the polymer are also reduced in
the presence of salt.18,26,27 For instance, Walter et al. found that
both monovalent and divalent salts decreased ηE and λE.
However, the calcium ions of the divalent salt form pairs with the
negative charges along the polymer chain and interact either
within the same chain or between different chains, which causes
an increase in ηE and λE compared with monovalent salt−
polymer solutions.26 Jimenez et al. showed that while the zero-
shear viscosity of sodium carboxymethyl cellulose gum
(NaCMC) in glycerol/water solutions dropped significantly in
the presence of salt, which was more noticeable at lower
NaCMC concentrations, the λE and ηE did not change.18 We
summarize by showing that the existing literature on polymer−
pure salt dynamics is complex, as are polymer−dye interactions,
yet how the two differ is not clear.
Herein, we focused on investigating the effect of the anionic

(e.g., fluorescein) and cationic (e.g., methylene blue) dye salts
on the extensional and shear rheology of three distinct aqueous
polymers such as anionic xanthan gum (XG), cationic
polydiallyldimethylammonium chloride (PDADMAC), and
nonionic PEO (Figure 1), where we found a marked decrease
in the extensional rheology of the polymer−dye pairs, which
may be restored with the addition of NaCl for the PEO case. We
have also surprisingly found that the Boger fluid (BF) drop

composed of PEO and poly(ethylene glycol) (PEG) had no
degradation in the extensional rheology in the presence of dye
salts. In cases in which either pure salt is added to the polymer−
dye pair or a small polymer molecule is added (e.g., BF) to a
polymer−dye pair, we suspect that the smallest molecules
control the polymer−dye interactions. Therefore, in the case of
the pure salt, polymer−pure salt dynamics dominates, leading to
an increase in pinch-off times, and in the case of BF, PEG−dye
dynamics dominates, leading to no change in pinch-off times. In
our experiments, the polymer and dyes were selected to have
opposing ionic charges based on their wide application in
industrial processes (e.g., both XG and PEO are used in fiber
spinning, where pigment and dye addition is common-
place28,29).

■ EXPERIMENTAL METHODS
Materials and Solution Preparation. PEO with a molecular

weight of 4 × 106 g/mol (MilliporeSigma, 189464) and concentrations,
c, in the range of 0.01−1.0% w/w, 15% w/w PEG with a molecular
weight of 8000 g/mol (MilliporeSigma, 89510), 2% w/w PDADMAC
(MilliporeSigma, 409030), and 0.5% w/w XG (MilliporeSigma,
G1253) were selected as polymers. For the dyes, 0.005−0.1% w/w
(0.13−2.66 mM) Fl (Thermo Fisher Scientific, 17324-1000, 376.27 g/
mol) and MB (Thermo Fisher Scientific, 41424-1000, 373.89 g/mol)
were used as received in this study. The critical overlap concentration,
c*, of PEO was 0.0461% w/w, and the entanglement concentration, ce,
was 0.66% w/w, as reported in previous studies.35,36 The concentration
regimes reported in this study included the dilute, c < c*, to semidilute
regimes, c > c*, as well as the entangled regimes, c > ce. The c* and ce of
XG were 0.007% w/w and 0.04% w/w, respectively, as reported
previously.22

The aqueous solutions of PEO and XG were produced by adding the
dry polymer powder to ultrapure deionized (DI) water (Synergy,
MilliporeSigma) in a glass vial (Fisher Scientific, volume 25.8 mL). The
BF solution was made by adding 0.4% w/w PEO and 15% w/w PEG to
DI water. The powdered polymer was weighed on a digital balance
(Sartorious, PRACTUM224-1S) on plastic weigh boats. All solutions
were stirred using a magnetic stirrer (12 mm) for 48 h at 90 rpm to
create a homogeneous mixture. After the polymers were dissolved in
water, the dye powder was added to the solution, and again, the solution
was stirred using a magnetic stirrer at the same rpm for 24 h. For the
experiments with added salts, 0.1% w/w NaCl was added to 0.1% w/w
pure PEO and 0.1%w/w PEO−Fl solutions and stirred for another 3−4
h. During the stirring process, all of the solutions were protected from

Figure 1. Chemical structures of polymers and dyes.30−34
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light irradiation. Each solution, weighing 20 g, was prepared at room
temperature (20 ± 0.4 °C). The solutions were then stored in a
refrigerator set at 7 °C, and no solutions were used beyond 1 week
following the preparation. The changes in the chemical structure of the
polymer−dye solution were tracked through UV−vis and ATR
spectroscopy. The hydrodynamic radii, Rh, of the polymers were
measured using dynamic light scattering (DLS) with a Malvern
Panalytical Zetasizer Nano ZS, where the average PEO molecule size
was about Rh ≈ 156 ± 14 nm.
Shear Rheology Measurements. The shear viscosity, η, of the

polymer solutions was measured using an Anton Paar MCR 302e
rheometer with a double gap geometry. The range of the shear rate, γ̇,
was ramped up from 0.01 to 1000 s−1. Before the measurement, all
solutions were presheared at a shear rate of 10 s−1 for 60 s and relaxed
for 30 s. The oscillatory measurements and the first normal stress
difference were measured using the cone and plate geometry (a
diameter of 59.976 mm and a cone angle of 0.986°). For oscillatory
measurements, we performed an amplitude sweep and ensured that the
measurements were within the linear viscoelastic region (LVE). In the
amplitude sweep, the strain was logarithmically varied between 0.01
and 200%, maintaining a constant angular frequency of 10 s−1. A
frequency sweep was subsequently conducted from 0.1 to 200 rad/s. All
measurements were taken at a constant temperature of 20 °C with a
Peltier element in the rheometer. To minimize potential fluctuations in
solution properties resulting from solvent evaporation, a custom-made
solvent trap was used to control solvent evaporation throughout the
shear rheology measurement process.
Extensional Rheology. We investigated the uniaxial extensional

rheology of the dye polymer solution using the dripping-onto-substrate
(DoS) method37−40 (Figure 2) with a light shield (S) to minimize
photodegradation effects. Figure 2 also shows the experimental setup
schematic, which had a high-speed camera (Phantom V211) recording
the drop pinch-off dynamics at 10,000 frames per second (fps) onto a
cleaned glass slide at a fixed height from the glass. Other camera settings
included an exposure time of 40 μs, a resolution of 224× 704 pixels, and

a spatial resolution of 5.67 μm/pixel, with the camera connected to a 5×
lens (Mitutoyo, 378-802-6). The syringe pump used was a Harvard
Apparatus PHD ULTRA (set at 1.2 mL/h.), which formed a drop
through an 18-gauge needle (outer diameter, D0 = 1.27 mm, and inner
diameter, Di = 0.838 mm). When the liquid touched the glass slide, the
pump was stopped, and the liquid bridge was tracked by a high-speed
camera (25 mm × 75 mm, Fisher Scientific Co). H is the height
between the needle and the glass slide with the aspect ratio fixed at

2.5H
D0

. An ambient temperature of 22 ± 1 °C and a humidity of 56%

± 2.5% were tracked (Omega, OM-DVTH) throughout the experi-
ment. We processed and analyzed the captured videos using custom-
built codes on MATLAB.

We next describe the theoretical model to relate the filament
dynamics to the changes in the rheological properties by dye addition.
For the PEO solutions (0.01−0.1% w/w), the inertio-capillary (IC)
regime is observed at the beginning of the pinch-off dynamics, which
eventually reaches the elasto-capillary (EC) regime at t = 0 ms, where t
is the elapsed time at the beginning of the EC regime. t = 0 is set at the
beginning of the pinch-off for polymer solutions that do not have
pronounced EC regimes (e.g., XG). As the thinning develops, the
elastic effects become more prominent as the strain rate reaches large
values (e.g., ε ̇ > 1/[2λE], where ε ̇ is the strain rate and λE is the
extensional relaxation time) with a concomitant increase in the
extensional viscosity and a delay of the thinning process (i.e., EC
regime). The minimum neck radius, Rm, is normalized by the initial
radius of the liquid bridge, R0 =D0/2, and many studies have shown the
following relationship for an Oldroyd filament.41−49

R t
R

t( )
exp

3
m

0 E

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ (1)

λE is thus readily obtained from the filament thinning dynamics, but
several caveats are worth discussing regarding the DoS method. First,
the choice of polymers used and how they are prepared are important,
as polymers such as PEO are known to form a skin on the interface.50

Second, we found that the substrate has a strong influence on the
relaxation time, although it is supposed to be a material property. For
example, the choice of whether the drop is wetting a plasma-cleaned
glass slide or a prewetted film changes the dynamics, and thus, the
method is geometry-dependent, as observed by another study.51 Third,
the time scale of the IC regime should be shorter than the polymer
relaxation time.52,53 For these reasons, we choose to define λE as an
apparent extensional relaxation time instead of the true relaxation time,
and our results show the change in the apparent extensional relaxation
time with the addition of dyes. Similarly, for uniaxial flow, the apparent
extensional viscosity may be obtained using the following expres-
sion.54,55

= zz rr
E (2)

Here, σzz and σrr are the axial and radial stresses, respectively, of the total
stress tensor, σ, and ε ̇ may be represented in terms of the thinning neck
radius, =rr R

R t
t

2 d ( )
d

.54 The uniaxial normal stress difference may be
expressed as the balance among viscous, capillary, and elastic forces
given as follows.

=
R

3zz rr
m (3)

Once the filament thinning enters the EC regime, we may assume that
the solvent viscosity is negligible and write the following.41

= = R
t2

d
dE

zz rr m
1i

k
jjj y

{
zzz

(4)

With this definition, we may provide the order of magnitude range of
the uniaxial apparent Trouton ratio, =Tr 500 5000

3
E for 0.1%

PEO.

Figure 2. (a) Schematic diagram of the DoS37 method with an LED
light, a high-speed camera for capturing the images, a light protection
sheet (S), a syringe pump, a needle, and a glass slide. The liquid bridge
(blue) is formed between the glass slide and the needle; θ is the contact
angle and Rm is the minimum radius of the liquid bridge. (b) Images for
pinching off 0.1% w/w PEO. t = 0 represents the transition from the
inertio-capillary (IC) to the elasto-capillary (EC) regime. The scale bar
is 1 mm. The minimum radius in the high-speed images was utilized to
obtain the filament neck diameter in the DoS method.
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At higher polymer concentrations, the Giesekus model was used to
model the semidilute as well as the entangled polymer concentration
regimes. We have used the dual-mode Giesekus model for fitting the
drop pinch-off of fluids with multiple relaxation times (e.g., high-
concentration PEO solutions) and the single-mode Giesekus model for
the XG solutions. The dual-mode Giesekus model may be represented
by56,57

=

+ +

+
+( )

R
t

a a

d
d

( ) ( )E E zz zz E zz E zz

E E R R

m

1 2 1 0,2 ,1
2

2 0,1 ,2
2
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5 4 E E

E Em
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1 2
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(5)
where a is the mobility parameter (ranging between 0 and 0.5), η0 is the
zero-shear viscosity, and subscripts 1 and 2 represent the long and short
modes, respectively. The dual-mode Giesekus model may be derived
with the assumption that the axial stress dominates in the flow within

the filament such that τzz = γ/Rm. Also, the axial strain rate is then57

=zz R
R

t
4 d

dm

m and uniform everywhere within the filament. The total

stress tensor accounts for the extra components of the viscous stress
tensor, τi, where σ = pI + ∑iτi (I is the identity tensor, p is the
hydrostatic pressure, and i = 2 for the dual-mode case). The axial
component of the polymer contribution to the viscous stresses may be
written for the single mode as follows.

+ + =
R

R
t

a
R

R
t

5 d
d

4 1 d
d

zz
zz

E m
2

m

0

2 0

E m

m

(6)

Rearranging this equation and incorporating an additional mode
then provide eq 5, and the solution algorithm is provided elsewhere,57

which we implemented in MATLAB.

■ RESULTS
Shear Rheology. Figure 3 shows the flow curves of PEO,

XG, and BF of different concentrations and their dye solutions.

Figure 3. Dye effect on the shear viscosity for (a) aqueous PEO solutions across various concentrations (0.1−1% w/w). (b) 0.5% (w/w) XG and BF
solutions. The gray-shaded area is the sensitivity of the rheometer multiplied by a factor of 10.58,59While, generally, the dyes have minimal effect on the
shear viscosity of the polymer solutions (e.g., PEO and BF), MB lowers the zero-shear viscosity of XG by 50%. The zero-shear viscosity, η0, was
extracted from the low-shear plateaus.

Figure 4. (a) Variation of G′ and G″ of 1% w/w PEO with dyes and without dyes. (b) The variation of G′ and G″ of 0.5% w/w XG with and without
0.1% w/w MB and BF with and without 0.1% w/w Fl. The light gray-shaded area is the instrument inertia, the dark gray-shaded area is the sample
inertia effects, and the black dashed line is the low torque limit60 multiplied by a factor of 10. The figures show that the dyes have a marginal effect on
the polymer shear and elastic moduli.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01533
Langmuir 2024, 40, 19377−19387

19380

https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In Figure 3a, a 10−15% reduction was observed in the shear
viscosity of PEO+Fl solutions. Moreover, All XG, XG+Fl, and
XG+MB solutions showed shear-thinning behavior (Figure 3b),
and at low concentrations (0.001 to 0.002% w/w) of MB, no
significant reduction was observed in XG shear viscosity, as
shown in the appendix in Figure A3. However, for high
concentrations ofMB (0.1%w/w), the zero-shear viscosity (e.g.,
η0) of XG dropped by around 50%, and for 0.1% w/w Fl, around
5% drop was observed. The addition of Fl caused marginal
changes in the zero-shear viscosity of BF (Figure 3b). Moreover,
the shear viscosities of the PEO−dye and BF−dye solutions did
not differ noticeably from pure PEO and BF solutions.
In Figure 4, the elastic modulus G′ and the viscous modulus

G″ of PEO, XG, and BF were plotted against angular frequency
ω.
For higher concentrations (1% w/w) of PEO and PEO+dye

solutions, G′ increased with frequency, as shown in Figure 4a,
indicating that at lower frequencies, the polymer chains may
rearrange, but as the frequency increases, the polymer has less
time to relax.61,62 For all PEO concentrations with and without
dye, at low angular frequencies, G″ > G′ (Figure 4a,b) which

implies that the viscous behavior dominates. For 1% PEO, G″ >
G′ over the entire frequency range. Our results also show that
with 1% w/w PEO with and without Fl, the crossover angular
frequency ωc is the same, around 43.7(rad/s). Therefore, the
shear relaxation time for 1% w/w PEO in the presence and
absence of Fl s f

1

w
is around 0.14 s, showing that Fl has no

effect on the PEO shear relaxation time. G′ and G″ exhibit a
similar relationship between XG and XG−dye solutions, as
shown in Figure 4b, indicating that the viscoelastic behavior of
XG does not change in the presence of dye.
The first normal stress difference, N1, is shown in Figure 5 for

all three polymers PEO, XG, and BF. There was a small
difference (<10% at higher shear rates) betweenN1 for the PEO
and PEO−Fl solutions, indicating that the elastic effects have
slightly degraded in the presence of Fl for PEO. For the XG
solution, our data was below the instrumental limit at low shear
rates, as shown in Figure 5b, indicating that our XG solutions
manifested minimal normal stress, and thus, dye effects could
not be effectively measured.

Figure 5. 1st normal stress difference of all polymers as a function of shear rate for (a) 1%w/w PEO, PEO+0.1%w/w Fl, BF, and BF+0.1%w/w Fl; (b)
0.5% w/w XG with and without various concentrations of MB and Fl. The gray-shaded area is the instrument limit multiplied by a factor of 10.58

Fluorescein reduced the N1 albeit to a small degree (<10%) for all PEO-based solutions. The N1 for XG was below a reliable measurement, although
there appears to be some decrease in the normal stress difference.

Figure 6. Capillary thinning of the drop neck radius using the DoS method. Rm/R0 is the normalized neck radius. t = 0 demarcates the transition
between the inertio-capillary to the elasto-capillary regime. (a) 0.1% w/w Fl and MB effect on pinch-off dynamics of 0.1% w/w PEO. The transition
highlights the degradation of PEO pinch-off time induced by the addition of Fl. (b) Salt effect on the pinch-off dynamics of the thinning neck of 0.1%
w/w PEO+Fl solutions shows the restoration of PEO pinch-off dynamics after adding salt to the PEO+Fl solution.
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Extensional Rheology.We first summarize our drop pinch-
off experiments and the changes in the extensional relaxation
times with the addition of dyes. Figure 6a shows the neck radius
thinning of the liquid bridge of the semidilute 0.1% w/w PEO
and PEO−dye solutions, where it may be clearly seen that Fl
decreases the pinch-off time where MB has a marginal influence
on the pinch-off dynamics. We note again that t = 0 represents
the onset of the elasto-capillary regime, and the filament
timespan was the total pinch-off time or filament breakup time.
While one may presume that dye salts have the same effect as
pure salts, the interaction between the polymer and dye (e.g.,
PEO and Fl) is more complex.
In a previous study, Xu et al. found that the ion−polymer

interaction was responsible for the decrease in the extensional
relaxation time of PEO−salt solutions, and the extensional
relaxation time showed a nonmonotonic (an initial decrease
than an increase from 0−1 MNaCl) behavior in the presence of
salt.48,63 However, for our PEO−Fl solutions, the decrease in λE
was consistent for all concentrations (0.005 to 0.1%) of Fl,
suggesting that, unlike NaCl, the effect of Fl concentrations on
PEO resulted in a monotonic decrease in the extensional
relaxation times, as shown in Figure 7. In the presence of Fl, the

relaxation time of PEO exhibited a 40−50% reduction across all
PEO concentrations (0.05−1%w/w) in both semidilute (c > c*)
and entanglement regimes (1% w/w, c > ce), as shown in Figure
7 and Table 1 (for higher concentrations of PEO). We postulate
that the polymer−dye interactions lead to a reduction in the

overall stretch of the polymer during uniaxial stretching, causing
a reduction in the extensional relaxation time of the polymer.
Figure 7 also shows that in the presence of various
concentrations of Fl (dye concentrations between 0.005 and
0.1% w/w) in PEO solutions, the relaxation time decrement
quickly plateaued with increasing dye concentrations. Any
increase in the dye concentration did not change this result. The
0.01% PEO solutions displayed the smallest degradation, as
expected for the dilute regime. For PEO+MB solutions, we have
found a marked decrease in the relaxation time for the lower
PEO concentration (0.05%), yet the relaxation time was
marginally affected by the MB dye as we increased the PEO
concentration to 0.10%.
To probe whether adding NaCl would further degrade the

pinch-off times, we added NaCl to the PEO−Fl solutions and
found the opposite to be true. Figure 6b depicts the addition of
0.1% w/w NaCl to the PEO−Fl solution, where the pinch-off
time is restored and closer to the pure PEO case. When we
compare Fl and NaCl, 0.13 mM (0.005% w/w) Fl caused a 50%
decrease in the extensional relaxation time of PEO, whereas the
addition of 17.11 mM NaCl (0.1% w/w) degraded the λE of
PEO around 10%, as shown in Figure 6b, showing that the
influence of Fl in PEO solution is much stronger than NaCl.
Since we expect the dye salts to behave similar to pure salts,

especially for polyelectrolytes due to their charge interactions,
we have tested the pinch-off dynamics on two different
polyelectrolytes, XG (anionic) and PDADMAC (cationic,
Figure A4). Figure 8 illustrates the filament thinning profiles

of pure 0.5% w/w XG and the solutions of XG with 0.1% w/w
MB and 0.1% w/w Fl. The low concentrations of MB (0.001−
0.002% w/w) had a marginal effect on XG solutions and,
therefore, were omitted from the figure. However, in the

Figure 7. Effect of different dye concentrations (0.005−0.1%) of MB
and Fl on the normalized extensional relaxation times of 0.01−0.1% w/
w PEO. Dotted lines are guides for the eyes. The addition of dyes
significantly decreases the relaxation time of the polymers. Two
exceptions were the dilute PEO concentration with Fl and 0.1% PEO in
MB, which showed marginal changes.

Table 1. Single- and Dual-Mode Giesekus Model (eq 5) Parameters of 0.5% w/w XG and 1% w/w PEO with and without Dye

C (% w/w) a η(γ̇) (Pa·s) λE (s)
0.5% XG 0.38 0.81 10
0.5% XG+0.1% MB 0.49 0.31 5.11
0.5% XG+0.1% Fl 0.44 0.756 8.37

C (% w/w) a1 a2 η0,1 (Pa.s) η0,2 (Pa·s) λE,1 (s) λE,2 (s)
1% PEO 0.00067 0.006 0.4 0.021 0.086 5 × 10−5

1% PEO+0.1% Fl 0.00006 0.0006 0.4 0.024 0.047 4.4 × 10−5

Figure 8. Dye effect on the pinch-off dynamics of (0.5% w/w) XG
solutions, showing the degradation of XG solution pinch-off times due
to the MB dye. The black dashed lines of the figure were obtained from
the single-mode Giesekus model. From this figure, we deduce that the
similarly charged Fl still degrades the XG viscosity (6% decrease), yet
the addition of MB degrades the viscosity by 60% (Table 1).
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presence of 0.1% w/w MB, the extensional relaxation times and
viscosities of XG decreased by 40 and 60%, respectively, as
summarized in Table 1. The XG−Fl solutions, which have the
same charges, also showed a decrease in the relaxation time
(16% decrease) and viscosity (6% decrease), albeit to a lesser
extent, which we attribute to the potential impurities or cations,
which may have played a greater role than originally anticipated.
We also note another potential caveat for utilizing the DoS

method for extensional rheological measurements, especially for
strongly shear-thinning solutions. Table 1 shows the zero-shear
viscosity of the XG solutions, which are significantly less than the
η0 found in the shear rheometer data in Figure 3. The cause may
be due to the fact that syringe pumps are always shearing the
solutions when forming the drops, and thus, even at a relatively
low flow rate, Q (1.2 mL/h), we may have significant shear
through the blunt needle. For example, the average velocity V̅ in
the needle is given by V̅ = Q/A, where A = πRi

2 and Ri = 0.838
mm. The shear rate experienced in the needle is γ̇ = 2Vmax/Ri,
where Vmax = 2V̅ is the maximum velocity in the needle. Thus,
the shear rate experienced in the needle is

= Q
R

4

i
3 (7)

where γ̇ ≈ 5.7 1/s, and the shear viscosity of XG is already
significantly decreased due to shear thinning, showing that this is
an aspect that must be accounted for in DoS (among other
factors such as evaporative effects such as skin formation50 and
size effects51). We thus use shear viscosity η(γ̇) instead of η0 for
the Giesekus model fits.

To probe the role of molecular weight, we also utilized BF
consisting of PEO and PEG with the Fl dye. Figure 9 presents
the effect of Fl on the BF pinch-off dynamics, where the pinch-
off profiles of pure BF and BF−Fl solutions overlap with each
other, implying a marginal difference between the extensional
relaxation times of the two solutions. We propose that as the
PEG molecular weight is 2 orders of magnitude lower than the
molecular weight of PEO, the high diffusivity of PEG may limit
PEO−dye interactions and instead favor PEG−dye interactions.
Another alternative explanation is that the high polymer
concentrations such as those used for BF may dominate the
dye effects.

■ DISCUSSION
We seek to provide the potential mechanisms behind the early
pinch-off dynamics in aqueous polymer−dye solutions in Figure
10. We have assumed in Figure 10a that XG forms a helical
structure and is a semiflexible rodlike molecule,22 which
stretches under extensional flow but does not have a distinctive
elasto-capillary regime as in PEO (e.g., Figure 6 in comparison
with Figure 8). In the presence of dyes (e.g., MB), as discussed
earlier, we presume that the XG molecules take on a smaller
average hydrodynamic radius as in the presence of pure salts
(e.g., NaCl) as reported previously,22 thus leading to faster
pinch-off times, as depicted in Figure 10b. For PEO, Fl dye had
the strongest effect in the acceleration of the pinch-off, which we
suggest may be caused by the fact that the aggregation of PEO
on the liquid−air interface drives skin formation of PEO50 (e.g.,
Figure 10c), which may be inhibited by the addition of dye, thus
leading to faster pinch-off, as depicted in Figure 10d. However,
unlike in the case of XG, the hydrodynamic radii of PEO
molecules in the presence of Fl did not change, as verified
through DLS measurements.

■ CONCLUSIONS
This study delved into the shear and extensional rheology of
various polymers with two different kinds of dyes, where
oppositely charged polymer−dye pairs (e.g., XG−MB, PDAD-
MAC−Fl, and PEO−Fl) resulted in decreased uniaxial exten-
sional properties such as the extensional relaxation time. With
respect to shear rheology, Fl exhibited minimal influence on the
shear viscosity of PEO even though the extensional viscosity as
well as the extensional relaxation time of PEO decreased
significantly (e.g., 40% in the presence of various concentrations
(0.005−0.1% w/w) of Fl). Both low (0.005% w/w) and high
concentrations (0.1%w/w) of Fl had the same effect on the PEO

Figure 9. Capillary pinch-off experiments for the Boger fluids (BF)
made of 0.4% w/w PEO and 15% w/w PEG and the comparison with
the dye case. This result shows theminimal influence of Fl dye on BF by
the lack of a change in the pinch-off dynamics.

Figure 10. Schematic representation of the hypothetical reasons for the faster pinch-off of the polymer solutions with the addition of dye for XG (a, b)
and PEO (c, d). (a) Without dye, XG presumably forms a semiflexible rodlike shape and does not form a skin on the liquid−air interface. (b) In the
presence of MB, XG molecules are smaller and the pinch-off time is faster, as noted by the smaller neck radius at the same time step as in (a). (c) For
PEO, a skin is expected to be formed at the liquid interface, delaying the pinch-off time, and (d) the pinch-off time is accelerated in the presence of dyes
due to the dyes preventing skin formation.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01533
Langmuir 2024, 40, 19377−19387

19383

https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c01533?fig=fig10&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extensional rheology, whereas MB had a minimal effect on the
high concentrations of the PEO solutions due to the similar
charge characteristics, yet surprisingly decreased the relaxation
time for the lower concentration of PEO. The shear and
extensional rheology of XG decreased by 50% in the presence of
a high concentration (0.1% w/w) of MB, whereas at low
concentrations (0.001−0.002% w/w), MB had little effect on
XG. We also found that Boger fluids created by two different
molecular weights, PEO and PEG, were insensitive to the
presence of dyes. The results highlight that the charge
characteristics of the polymers and dyes significantly change
their rheological properties. Even low concentrations of dyes can
significantly alter the extensional rheological properties of
polymers while maintaining the shear rheology nearly constant.
This suggests a potential approach to tailor the extensional
rheology of polymers for specific needs by manipulating
polymer−dye interactions for applications, such as fiber
spinning.

■ APPENDIX

Spectroscopy
UV−vis spectroscopy experiments were performed to measure
the changes in absorbance associated with the polymer−dye
solutions. From observing the absorbance spectra of UV−vis
spectroscopy, it is possible to identify the changes in the
electronic transition of the molecules, which provides insights
into the interaction between the polymer and dye solution.64 A
UV−vis (OceanInsight, Flame) spectrometer coupled with a
halogen light source was used to measure the absorbance
changes in polymer−dye solutions. UV−vis spectra were
collected with a 10 ms integration time, and each spectrum
was averaged for 50 scans. 3 mL aliquots were loaded into a
cuvette (Thorlabs, Part no. CV10Q35FA). The absorbance data
in Figure A1a showed no significant changes in the PEO+Fl
solutions compared to the water−dye solutions. However, the
absorbance spectra of the XG+MB solution showed a decrease
compared to the spectra of the MB+DI solution, indicating the
XG+MB interactions, as shown in Figure A1b. Dinh et al. also
showed that due to electrostatic screening, the absorbance
spectra of MB decreased.
Attenuated total reflection spectroscopy (ATR) is a vibra-

tional spectroscopy instrument that can be used to determine
the bonding properties of different chemical interactions. ATR

(Thermo/Nicolet iS-10 FT-IR) was utilized in this study to
measure the infrared spectrum of dried polymer−dye solutions
to determine whether any chemical changes in the polymer
occurred in the presence of dye. Dried polymer−dye solutions
(1% w/w PEO and 0.1% w/w Fl) were obtained by the
evaporation of the aqueous polymer−dye solution to accelerate
the evaporation process. The aqueous polymer−dye solutions
were left under the fumehood for 3 days with a face velocity of
100 ft/s. The solutions were shielded from light irradiation. ATR
spectra, shown in Figure A2, illustrate a shift of the absorption
bands, which indicate the changes in the chemical structure. Air
was used as the background, and all spectra were collected at a
resolution of 4 cm−1 and averaged over 64 scans using OMNIC
software. The ATR spectra measurements were carried out from
4000 to 1000 cm−1. Each dried sample was measured three
times, and all measurements were collected at room temperature
(20 °C). In Figure A2, the ATR spectra show a new peak at 1578
cm−1 in PEO−Fl, which can be attributed to the C =O stretch of
a carbonyl product. However, the dry Fl has a peak at 1572 cm−1,
albeit to a lesser extent, indicative of the carbonyl group in Fl.
This subtle shift of the carbonyl range upon the addition of the
polymer chemically represents a shortened bond length. This
may indicate PEO and Fl interactions through the carbonyl
group in Fl, where the carbonyl functional group is typically
implicated for polymer degradation even in aqueous solutions.65

Figure A1. (a) Absorbance spectra of Fl with 0.1% w/w PEO and DI water from UV−vis spectroscopy. (b) Absorbance spectra of MB with deionized
(DI) water and 0.5% w/w XG from UV−vis spectroscopy (OD: optical density).

Figure A2. ATR spectra of dry Fl, 1% w/w PEO with and without 0.1%
w/w Fl.
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Rheological Characterization
Figures A3 and AA4.

■ AUTHOR INFORMATION
Corresponding Author

Min Young Pack − Department of Mechanical Engineering,
Baylor University, Waco 76798 Texas, United States;
orcid.org/0000-0002-7930-7915; Phone: +1-254-710-

6828; Email: min_pack@baylor.edu

Authors
Marufa Akter Upoma − Department of Mechanical
Engineering, Baylor University, Waco 76798 Texas, United
States

Ziwen He − Department of Mechanical Engineering, Baylor
University, Waco 76798 Texas, United States; orcid.org/
0000-0002-1949-2805

Huy Tran − Department of Mechanical Engineering, Baylor
University, Waco 76798 Texas, United States; orcid.org/
0000-0002-3205-9950

Tiara Sivells−Department of Chemistry, Boise State University,
Boise 83725 Idaho, United States

Jenée D. Cyran − Department of Chemistry, Boise State
University, Boise 83725 Idaho, United States; orcid.org/
0000-0002-5278-9854

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.4c01533

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to acknowledge Dr. Christie Sayes, Dr.
Amanda Sevcik, Taiwo Ayorinde, Pooria Pirdavari, and Dr. Alex
Yokochi for fruitful discussions and experimental support. The
financial support for this work was provided by the National
Science Foundation (Award no. 2137341).

■ REFERENCES
(1) Fleischmann, C.; Lievenbrück, M.; Ritter, H. Polymers and dyes:
developments and applications. Polymers 2015, 7 (4), 717−746.
(2) Makvandi, P.; Iftekhar, S.; Pizzetti, F.; Zarepour, A.; Zare, E. N.;
Ashrafizadeh, M.; Agarwal, T.; Padil, V. V.; Mohammadinejad, R.;
Sillanpaa,M.; et al. Functionalization of polymers and nanomaterials for
water treatment, food packaging, textile and biomedical applications: A
review. Environ. Chem. Lett. 2021, 19, 583−611.
(3) Slama, H. B.; Chenari Bouket, A.; Pourhassan, Z.; Alenezi, F. N.;
Silini, A.; Cherif-Silini, H.; Oszako, T.; Luptakova, L.; Golinśka, P.;
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Figure A3. Effect of various concentrations (0.001 to 0.1% w/w) of MB
on the shear viscosity of aqueous 0.5% w/w XG. Low concentrations
(0.001−0.002%) of MB have a minimal effect on the shear viscosity of
XG. The gray-shaded region of the figures shows the sensitivity of the
rheometer (the specifications of the manufacturer have been multiplied
by 10).

Figure A4. Fl effect on the capillary thinning dynamics of the aqueous
2% w/w PDADMAC. The transition highlights the increased
degradation of PDADMAC induced by the addition of Fl.
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