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Abstract

Polymer solution processability in extensional-flow dominated operations is strongly
influenced by polymer conformation and solution phase behavior. Cosolvent addi-
tion can be used to tailor polymer conformation and solution phase behavior to yield
formulations that are amenable to processes such as spraying and atomization, coat-
ing, and fiber spinning. The addition of N,N-dimethylformamide (DMF) to aqueous

poly(N-isopropylacrylamide) (PNIPAM) solutions induces unique phase behavior and
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microstructure formation, yet the effects on solution processability have remained un-
explored. In this work, the effect of DMF cosolvent content on the rheology (both
shear and extensional) and microstructure of PNIPAM solutions is investigated. While
all examined PNIPAM solutions exhibit nearly Newtonian steady shear behavior re-
gardless of DMF content, the same solutions exhibit varying degrees of extensibility.
Surprisingly, the extensional relaxation time (Ag) increases by more than twenty-fold
with increasing DMF content in the water-rich regime. In the DMF-rich regime, how-
ever, solution extensibility dramatically decreases. Interestingly, this unique variation
in extensional flow behavior does not scale as expected based on changes in the mea-
sured intrinsic viscosity and radius of gyration. Instead, a mechanism is proposed that
relates the extensional flow behavior to the solution microstructure, which is found to
vary with DMF content in light scattering measurements. In the water-rich regime,
DMF molecules are proposed to bridge PNIPAM chains via hydrogen bonding and hy-
drophobic interactions, resulting in physically crosslinked aggregates. In extensional
flows, these aggregates behave like a polymer with higher apparent molecular weight,
increasing Ag. In the DMF-rich regime, non-bridging DMF molecules increasingly sol-
vate individual PNIPAM chains; consequently, more individual chains are stretched
in extensional flows, leading to a reduction in Ag. These findings demonstrate that
interactions between components in these ternary systems have unexpected but sig-
nificant implications in solution extensional flow behavior. Additionally, in the case
of PNIPAM/DMF /water, the processability of polymer-containing formulations can
be modulated for spraying or for fiber spinning applications just by varying cosolvent

(DMF) content.



Introduction
Stimuli-responsive polymers can reversibly change polymer conformation and properties in
response to external stimuli and are therefore of great interest for numerous applications.
Thermoresponsive polymers in particular respond to changes in temperature, and this feature
has been leveraged for a variety of applications including smart coatings,!? separations,®™
and water remediation. %" One of the most well-studied thermoresponsive polymers is poly(N-
isopropylacrylamide) (PNIPAM). PNIPAM is known to undergo a significant conformational
change upon reaching the lower critical solution temperature (LCST) at ~32 °C in purely
aqueous solution.® Below the LCST, the polymer chains are solvated and exist as random
coils in solution. Above the LCST, the coils collapse and aggregate into globules as the
translational entropy of the released solvent molecules dominates the enthalpy of PNIPAM-
water hydrogen bonding.%?

The realization of PNIPAM-based applications often involves extensional-flow dominated

11,12

solution processing; for example, coatings, ' membranes, and electrodes? are often man-

ufactured at scale using coating, spraying and atomization, and fiber spinning processes. 3716
While prior studies have demonstrated the importance of tuning PNIPAM solution phase

L.217 these same features also

behavior and polymer conformation for various applications,
have implications in the flow behavior of PNIPAM solutions in extensional-flow dominated
processes. For example, polymer conformation and self-assembly dramatically impact solu-
tion extensibility: solutions of spherical micelles exhibit Newtonian extensional flow behavior

while, in contrast, solutions of high molecular weight polymers and wormlike micelles exhibit

viscoelastic extensional flow behavior and Trouton ratios exceeding O(10%).'%19 Additionally,



as temperature is often optimized during solution processing operations — including to mod-
ulate droplet size distribution? or fiber morphology?! — it is also desirable to tune the phase
transition temperature and polymer conformation of PNIPAM-based polymer solutions to
ensure formulations are processable at specific conditions.

The LCST of PNIPAM in purely aqueous solution is, however, largely independent of

22,23 which limits the ability to tune phase

polymer molecular weight and concentration,
transition temperature and polymer conformation. PNIPAM can be copolymerized with
hydrophilic or hydrophobic monomers to tune the phase transition and underlying polymer
microstructure, 2* 26 but this strategy requires changes in the polymer chemistry. Addition-
ally, additives such as surfactants have been leveraged to tune the LCST of aqueous PNI-
PAM:; 272 however, the presence of surfactant can greatly affect PNIPAM surface properties
and thus prove detrimental to coating uniformity. 2"

Alternatively, cosolvent addition can be leveraged to tune phase transition temperature
and polymer conformation in aqueous PNIPAM and PNIPAM-based polymer solutions with-
out changing polymer chemistry.3°3% Cosolvent addition is already often leveraged to control
fiber spinning morphology towards membranes and electrodes with certain microstructures

163435 Thus, cosolvent addition can serve as a simple, synergistic strategy to

or properties.
tune the processability of PNIPAM-based polymer solutions. However, adding a cosolvent to
aqueous PNIPAM solutions often gives rise to complex phase behavior. In fact, the addition
of a second good solvent to PNIPAM /water solutions can cause PNIPAM to become immis-

cible at certain solvent compositions and temperatures — a phenomenon termed cononsol-

vency.3%3% Cononsolvency has been attributed to changes in attractive interactions between



bulk solvent and cosolvent as well as preferential polymer-solvent and polymer-cosolvent
interactions. 3¢

While the exact phase behavior of PNIPAM in cosolvent/water mixtures depends on
solvent identity, cosolvent addition generally affects the phase behavior in two ways. In the
first case, the solution exhibits LCST behavior across a range of cosolvent concentrations;
in water-rich solutions, the LCST decreases with cosolvent content. The LCST exhibits a
minimum at some composition, then increases with cosolvent content in the cosolvent-rich
regime.® In the second case, the solution exhibits an LCST that decreases as a function
of cosolvent content in the water-rich regime and an upper critical solution temperature
(UCST) that decreases with cosolvent content in the cosolvent-rich regime (e.g. dimethyl-
sulfoxide, N N-dimethylformamide, ethanol).® At intermediate cosolvent content, the phase
diagram can exhibit a two-phase window wherein PNIPAM is immiscible across all temper-
atures.®® With the diversity of solvents that impart cononsolvency and the range of possible
phase behavior, the cononsolvency phenomenon can be leveraged not only to modulate the
transition temperature but also to modulate polymer conformation®’ and thus processability
at fixed temperature.

While PNIPAM /N, N-dimethylformamide (DMF') /water systems remain relatively under-
studied compared to PNIPAM /alcohol /water systems, several studies*3® have shown that
incorporating DMF into aqueous PNIPAM-based systems leads to interesting properties and
behaviors that are hypothesized to arise from changes in polymer-solvent, polymer-cosolvent,
and solvent-cosolvent hydrogen bonding interactions. Zhu and Chen3® characterized the

cononsolvency behavior of aqueous, chemically crosslinked PNIPAM microgel solutions in



the presence of varying amounts of DMF. The authors showed that PNIPAM microgels
below the LCST undergo conformational collapse followed by re-swelling at intermediate
DMF contents, reflective of cononsolvency behavior. Supported by mean field calculations,
the authors attributed this reentrant transition behavior to preferential DMF adsorption
and bridging of PNIPAM segments. Recently, Linn et al.?* showed that incorporating
3-(trimethoxysilyl)propyl methacrylate (TMA) comonomer into PNIPAM-based polymers
leads to a decrease in the cloud point temperatures, T p, relative to PNIPAM homopolymer,
and the magnitude of change increases with DMF content. The authors posited that the de-
crease in T p results from a combination of changes in polymer-solvent and solvent-cosolvent
interactions; namely, the number of available hydrogen bonding donor sites decrease as TMA
incorporation increases, and DMF disrupts the tetrahedral structure of water above ~13.5%
mol.?” These few studies on PNIPAM-DMF-water systems report unique effects of DMF ad-
dition on the microstructure and phase behavior of PNIPAM-containing polymers; however,
no studies have yet explored how the DMF-induced microstructure and phase behavior affect
solution processability.

In this work, the extensional flow behavior of aqueous PNIPAM solutions with varying
DMEF content is characterized to assess the effects of DMF on PNIPAM solution processabil-
ity. Dripping-onto-substrate (DoS) extensional rheometry measurements of PNIPAM solu-
tions below the LCST show that the solution extensibility varies dramatically with DMF
content in both one-phase regions. In contrast, steady shear rheology measurements reveal
largely Newtonian behavior. Meanwhile, the calculated intrinsic viscosities indicate that

underlying solution microstructure unexpectedly varies with DMF content. Dynamic and



static light scattering measurements provide further insight into the effects of DMF on PNI-
PAM solution microstructure, informing a proposed mechanism that links DMF-induced mi-
crostructure to solution extensional flow behavior. The results of this study demonstrate that
cosolvent content affects the interactions among polymer, solvent, and cosolvent molecules
and consequently solution microstructure, which has significant implications in PNIPAM-
based solution processability. By simply varying cosolvent content, these interactions can
be leveraged to modulate processability when designing formulations for extensional-flow

dominated processes such as spraying, coating, and fiber spinning.

Materials and methods

Materials and solution preparation

Poly(N-isopropylacrylamide) (PNIPAM) (weight-average molecular weight M,, = 9.49 - 10°
g/mol, D= 3.02, SI.1) was used as received from Scientific Polymer Products, Inc. PNI-
PAM solutions were prepared by dissolving polymer powder in distilled water and N,N-
dimethylformamide (used as received, Certified ACS, Fisher Scientific). Solutions were then
placed on an orbital shaker at 4 °C for at least 12 hours prior to cloud point, rheology, and

light scattering measurements.

Cloud point testing

Cloud point testing was used to determine the optical transition temperature of PNIPAM
solutions as a function of DMF content. Cloud point measurements were obtained using a
custom-built turbidimetry instrument equipped with a 405 nm violet laser (5 mW) and 637

nm red laser.? A set protocol was used to heat and cool each solution to minimize variability



between samples: equilibrate at 20 °C for 5 min; heat from 20 °C to 45 °C at 0.2 °C/min;
equilibrate at 45 °C for 5 min; cool from 45 °C to 20 °C at a rate of 0.2 °C/min. While
the cloud point temperature (Tp) can be quantified using a number of approaches, here
Teop was determined from the inflection point of the heating curve rather than the transition
onset (Figure S2), as recommended by Osvath and Ivan*'. This method of determining T¢p
also corresponds better with the temperature of the peak in differential scanning calorimetry

measurements of the phase separation enthalpy. 4042

Shear rheology

The shear rheology of PNIPAM solutions was measured at 21 °C using an Anton Paar MCR
302 stress-controlled rheometer equipped with a 50 mm cone and plate geometry. A Peltier
hood was used during all measurements to minimize sample evaporation. Prior to each
measurement, a pre-shear protocol was used. Here, a steady shear rate, %, of 10 s was
applied for 2 s, followed by an oscillatory shear with a strain amplitude, 7o, of 0.1 % at an
angular frequency, w, of 1 rad/s for 2 s. Steady shear measurements were then taken by
measuring the shear stress 7 (and thus viscosity n via n = 7/%) while ramping up in shear
rate over the range ¥ = 1 s! to 1000 s, followed by a ramp-down protocol over the same
range. All solutions in this study were Newtonian or weakly shear thinning, so zero-shear
viscosity values (19) were estimated by averaging over a range of shear rates in the Newtonian

regime where sufficient signal was obtained, typically between 4 = 10 and 100 s



Static and dynamic light scattering

Samples were prepared by dissolving PNIPAM at a concentration 0.1% wt (below the overlap
concentration ¢*, Table 53) in distilled water and DMF. Solutions were then filtered through
0.45 pm wwPTFE filters directly into measurement tubes. Light scattering measurements
were taken using a Brookhaven BI-200SM instrument with a 637 nm laser at 21 °C.

Dynamic light scattering (DLS) measurements were used to determine the hydrodynamic
radius R;, of PNIPAM coils as a function of DMF content. DLS scans were taken for
5 minutes each at measurement angles 8 = 60, 75, 90, 105, and 120°. The data were first
analyzed using the REPES Laplace inversion routine to determine the number of populations
(SI.7.1).%3 Then, R;, was determined by fitting autocorrelation curves to the appropriate
second cumulant or double exponential model to extract diffusion coefficients, then using
the Stokes-Einstein relation to calculate R, (SI.7.1). 95% confidence intervals of R), values
were calculated from propagated standard errors of the slopes in plots of decay rate I' vs.
the square of the scattering vector magnitude ¢* (Figure S13).

Static light scattering (SLS) was used to determine the radius of gyration R, of PNIPAM
coils as a function of DMF content. SLS scans were taken for angles 6 = 30° to 135°
(1 second each, 5 repeats per angle). The total counts were kept around 100,000 for each
measurement by adjusting the aperture between 1 mm and 3 mm and using laser attenuation
filters. Guinier plots for each solvent composition were constructed to determine R, values
(SI.8.1). For solutions in which at least three multi-angle datasets were obtained (> 10%
mol DMF), average R, values and 95% confidence intervals were determined across multiple

trials. For solutions in which only one multi-angle dataset was obtained (0, 5% mol DMF),



95% confidence intervals were calculated from propagated standard errors of the slope in

Guinier plots (Figure S15).

Dripping-onto-substrate extensional rheometry

The extensional rheology of PNIPAM solutions was measured using dripping-onto-substrate

1.** The instrumentation

(DoS) extensional rheometry, a technique pioneered by Dinic et a
and methodology for measurements at ambient conditions (7" = 21 °C) were described in
detail previously.'®*° Briefly, the DoS instrument consists of a dispensing system, a light
source, and an imaging system. The test fluid is extruded through an 18 gauge (OD = 1.27
mm) blunt tip nozzle with a flow rate of 200 L /hr to form a pendant drop. A glass substrate
is then slowly raised using a micrometer screw to contact the droplet, forming a liquid bridge
that then undergoes capillary-driven thinning. The spatiotemporal evolution of the liquid
bridge is captured using a Chronos 1.4 high-speed camera, with frame rates ranging from
5,000 to 11,806 fps to maximize resolution depending on the duration of thinning. Frames
from high-speed videos were then processed using an in-house MATLAB edge detection
code to yield radius evolution curves. The extensional relaxation time, \g, for each trial was
determined from fits to the elastocapillary regime prior to the onset of the beads on a string
elastic instability (S[.3.3). At least three trials were taken for each solution composition,

and the average and 95% confidence intervals across multiple trials are reported for the

extensional relaxation time.
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Results
Phase behavior of PNIPAM in DMF /water mixtures

The temperature vs. DMF content phase diagram for PNIPAM solutions (¢ = 0.5% wt)
exhibits lower critical solution temperature (LCST) transitions from 0% to 15% mol DMF,

in agreement with previous studies3%:33:46 (

Figure 1). In this water-rich regime, the cloud
point temperature, Txp, varies non-monotonically with DMF content, exhibiting a maxi-
mum near 5% mol DMF. At low DMF content (<5% mol), Tep increases with DMF content
as preferential interactions between DMF and PNIPAM stabilize the hydrated polymer con-
formation. 393346 As DMF content increases further, the cloud point temperature decreases
as DMF molecules increasingly interact with water molecules and impact the hydration of
PNIPAM chains. DMF is generally considered a chaotrope®**” — or a structure breaker —
as DMF molecules break up the tetrahedral structure of water molecules above 13.5% mol
DMF.3

In DMF-rich solutions, upper critical solution temperature (UCST) rather than LCST
behavior is observed, and the cloud point temperature decreases with DMF content®° (Figure
1). The transition to UCST behavior has been attributed to the shift from hydrogen bonding
interactions at lower DMF contents to dominant dipole-dipole interactions at high DMF
contents. 3 The presence of an intermediate two-phase region in which PNIPAM is immiscible
is characteristic of cononsolvency behavior, which results from changing PNIPAM-DMF-
water interactions. 3

In the one-phase regions, PNIPAM chains are solvated, and the solution is optically

clear; in the two-phase region, PNIPAM chains are collapsed and aggregated, resulting in a
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Figure 1: Phase diagram indicating LCST and UCST transitions of PNIPAM in DMF /water
mixtures with representative images of one-phase (optically clear) and two-phase (turbid)
solutions. The cloud point temperatures, Top, in this study for 0.5% wt PNIPAM solutions
agree well with those previously reported by Costa and Freitas3® (co-plotted) and Linn
et al.?® Symbols along black horizontal line at 7" = 21 °C indicate the temperature and
compositions at which all rheological and light scattering measurements are conducted.

turbid suspension (Figure 1 images). Accordingly, subsequent rheological and light scattering
measurements are conducted only in the one-phase regions of the phase diagram in Figure 1,
indicated by the symbols along the horizontal line at 7" = 21 °C. Measurements sweep DMF
concentrations from 0% to 15% mol in the LCST region and DMF concentrations of 50%
and 100% mol in the UCST region. Cloud point temperature (CPT) measurements were
not conducted for 50% mol DMF solutions as the corresponding cloud point temperature
(Tep ~ -10 °C*) is beyond the limitations of the instrument. Measurements were not
conducted in the intermediate two-phase region due to PNIPAM collapse, aggregation, and

phase separation. 384849
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Effect of DMF content on solution extensional flow behavior
Extensional rheology of water-rich solutions

Dripping-onto-substrate (DoS) extensional rheometry measurements of PNIPAM solutions
reveal dramatic changes in extensional flow behavior as DMF content increases in the water-
rich, one-phase regime. DoS measurements capture the minimum radius of a liquid bridge
that self-thins in time. All DoS radius evolution curves of PNIPAM solutions at a fixed
polymer concentration ¢ = 0.5% wt with DMF content ranging from 0% to 15% mol exhibit
two distinct thinning regimes (Figures 2a, S3). The first thinning regime can be described
by a power law fit with an exponent n = 2/3 in accordance with the inertiocapillary (IC)

thinning model. This model describes the self-similar thinning behavior of inviscid, inelastic

fluids: 5952

2/3

fon o (221) 1)
Here, « is a prefactor, R,,;, is the minimum fluid filament radius, Ry is the initial filament
radius, and t, is the pinch-off or break up time for the liquid bridge. The characteristic
Rayleigh timescale is tg = W for a fluid with density p and surface tension o. Repre-
sentative IC fits are shown in Figure S4. The IC thinning behavior observed at early times
is expected as the PNIPAM solutions with 0% to 15% mol DMF are relatively dilute and
low-viscosity. Here, the Ohnesorge number Oh = 1/+/opRy, which compares viscous forces —

represented by shear viscosity n — to surface tension and inertial forces acting on the fluid, for

each solution is Oh < 1. Such values of Oh indicating that thinning behavior is dominated
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by surface tension and inertial forces (Table S1).
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(a) [ l I ' %Imol IZ')MF I l (b)
IC m 0 5 0
A 10 © 15
10'1_-!:
e = a
z | 2
B x 10
|
[ |
10-2_
1 1 1 1 1 15
0 20 40 60 80
t-t, [ms]

Figure 2: Extensional flow behavior of 0.5% wt PNIPAM in 0% to 15% mol DMF at 21 °C. (a)
All radius evolution curves indicate IC thinning followed by EC thinning, delineated by the
horizontal dotted line at R/ Ry = 0.1. The magnitude of the slope in the EC region decreases
while the duration of the EC region increases with DMF content, indicating increasing
solution elasticity. Dashed black lines denote fits to eq. 2. (b) Slender, cylindrical fluid
filaments form prior to break up across all solutions (R/R, <0.1), characteristic of EC
behavior. The beads on a string instability forms for solutions with 5% to 15% mol DMF. The
increasing prominence of the beads with DMF content reflects increasing solution elasticity.

Following the IC region, the radius evolution curves display a distinct exponential thin-
ning regime, which is characteristic of elastocapillary (EC) thinning behavior (Figure 2a);
these curves are shifted by t., the time at which the IC thinning behavior transitions to
EC thinning behavior. Strikingly, the EC region becomes more pronounced — i.e. the slope
decreases in magnitude while the duration increases — as DMF content is increased from
0% up to 15% mol, suggesting increasing solution elasticity (Figure 2a). This elasticity is
also reflected in the distinct slender, cylindrical, and axisymmetric shape of the fluid fila-

ment prior to break up in all solutions (Figure 2b, R/Ry <0.1). Moreover, the beads on a

string elastic instability appears with the addition of DMF. A greater number of beads form
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along the filament as DMF content is increased from 5% to 15% mol, reflecting increasing
chain extensibility.®® Assuming a single polymer relaxation mode, the solution elasticity can
be quantified by the extensional relaxation time A\g, determined by fitting the exponential

thinning regime to the EC model:*%*

1/3
R 5 ) exp [—t/3\g] (2)

where G is the elastic modulus and o is the fluid surface tension. As previously reported by
Zhang and Calabrese!®, the beads on a string instability gives rise to multiple sub-regions
within the greater EC thinning region that correspond to traditional EC thinning, bead
formation, and filament thinning between beads. As such, for the comparisons in this study,
eq. 2 is only fit to the EC region prior to bead formation, resulting in the fits shown in
Figure 2a and the extensional relaxation times Ag in Table 1. The same trends persist when

the entire EC region is fit instead, shown in SI.3.3.

Table 1: Shear and extensional rheology parameters for 0.5% wt PNIPAM solutions with
varying DMF content.

DMF content [% mol| 7y [mPa -s|  Ag [ms] Atpe [ms]
0 2.0 0.27 £0.04 0.68 £ 0.16
) 3.0 14+ 04 3.8+ 14
10 3.6 42 £12 22+ 3
15 3.6 8.5 1.8 64 £ 11
20 2.8 0.12 £ 0.01 0.68 = 0.10
100 1.8 - -

Despite the non-monotonic trend in cloud point temperature Top from 0% to 15% mol
DMF, the extensional relaxation time \g increases monotonically by more than twenty-fold

from 0.27 + 0.04 ms to 8.5 + 1.8 ms when DMF content is increased from 0% DMF to 15%
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DMEF (Table 1). This trend persists even after Ag is normalized by solvent shear viscosity 7,
to account for the fact that Ag can also increase with solvent shear viscosity (Table S2).%
The span of the EC region, Atgc = t, — t., also increases dramatically from 0.68 4+ 0.16
ms to 64 + 11 ms in the same range (Table 1). Thus, Atge is also directly proportional to

DMEF content and \g as expected.

Extensional rheology of DMF-rich solutions

Interestingly, when DMF content is further increased to 50% mol — within the one-phase
region of solutions exhibiting UCST behavior — the solution elasticity dramatically decreases.
The radius evolution curve of PNIPAM in 50% mol DMF still exhibits two thinning regimes,
but the prominence of the EC region is greatly diminished and the flow behavior is dominated
by IC thinning (Figure 3a). When the radius evolution curve is shifted by the end of the
initial thinning regime, t., and plotted on a log-log scale, the resulting linearized curve can
be fit to a power law model with an exponent n = 2/3. This exponent is in accordance with
the IC model (eq. 1) — as expected given Oh < 1 (Figure 3b, Table S1). This IC behavior
is further corroborated by the characteristic conical fluid filament shape prior to break up
(Figure 3c).51:5257

The initial IC thinning regime is again followed by an EC regime, although the span Atgc
is only 0.68 + 0.10 ms. Fits to eq. 2 yield an extensional relaxation time of 0.11 4+ 0.01 ms
(Table 1). Note that the apparent plateau at t ~ 4.7 ms is an imaging artifact as the sessile
droplet briefly obscures the minimum radius of the fluid filament. Nonetheless, the solution
elasticity, albeit rather weak, is corroborated by the appearance of a slender, cylindrical

fluid filament in the final frames just prior to break up (Figure 3c). Both Atgc and A\g for
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Figure 3: Self-thinning behavior of PNIPAM solutions with 50% and 100% DMF. (a) Radius
evolution curves in the semi-log representation show that filament thinning is dominated by
IC behavior in both cases, but 50% DMF solutions also exhibit a short EC region just prior
to break up. Black dashed line denotes fit to eq. 2. (b) Linearized radius evolution curves
are shifted by the time at which the IC region ends: t. for 50% DMF and t; for 100% DMEF.
These curves follow a power law scaling of exponent n = 2/3, in accordance with IC behavior
(eq. 1). (c) The conical filament shape indicative of IC thinning is apparent in 2D images of
PNIPAM solutions in both 50% and 100% DMF solutions. A slender, cylindrical filament is
present in 50% DMF solutions just before break up, indicative of weak solution elasticity.

PNIPAM in 50% mol DMF are significantly reduced from the values for PNIPAM in 15%
mol DMF, and are of the same order of magnitude as those for purely aqueous PNIPAM
solutions.

Finally, in pure DMF solvent, PNIPAM solution elasticity completely diminishes. Here,
the solution exhibits inertiocapillary thinning behavior only, and the radius evolution curve

closely follows that of PNIPAM in 50% mol DMF (Figure 3a). The linearized radius evolution
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curve exhibits the characteristic n = 2/3 power law scaling of IC thinning (Figure 3b). As

expected, the fluid filament forms the distinctive conical shape prior to break up (Figure 3c).

Effect of DMF content on shear rheology of PNIPAM solutions

In contrast to observations in extensional rheology, the shear flow behavior of PNIPAM does
not vary significantly with DMF content. Steady shear flow curves exhibit nearly Newtonian
flow behavior wherein the shear viscosity, 7, of all PNIPAM solutions (¢ = 0.5% wt) is largely
invariant with shear rate, 4, across all examined DMF concentrations (Figure 4a). The zero-
shear viscosity, 19, varies non-monotonically with solvent composition, exhibiting a maximum
at a solvent composition of 15% mol DMF (Table 1). This trend in 7y simply mirrors the

variation in solvent viscosity as a function of DMF content in DMF /water mixtures (Figure

88).58’59
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Figure 4: (a) Steady shear rheology for 0.5% wt PNIPAM solutions with varying DMF
content shows nearly Newtonian behavior across all solutions. Zero-shear viscosities vary
in accordance with solvent viscosities of DMF /water mixtures®®® (Table 1). (b) Intrinsic
viscosity, [n], of PNIPAM solutions decreases most steeply from 0% to 15% mol DMF, reaches

a minimum at 50% mol DMF, then returns to a value at 100% DMF comparable to that at
0% DMF.
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Interestingly, the apparent intrinsic viscosity, [n], varies non-monotonically with DMF
content. Here, the zero-shear viscosity as a function of PNIPAM concentration was measured
for each DMF composition, and [n] was extracted from fits to the Fedors equation® (see
SI.5.1). The intrinsic viscosity most sharply decreases from 0% to 15% mol DMF, exhibits
a minimum at 50% mol DMF, then returns to a value at 100% mol DMF that is near that
at 0% DMF.

A decrease in intrinsic viscosity is often attributed to the collapse of individual polymer
chains as a result of decreasing solvent quality.5! Thus, the non-monotonic variation in [7]
suggests that DMF addition decreases solvent quality and induces polymer collapse in water-
rich solutions while DMF addition increases solvent quality and leads to polymer swelling
in DMF-rich solutions. However, the solvent quality in this system is expected to remain
good or improve with the addition of DMF — a slightly better solvent for PNIPAM than wa-

3862 _ aven as PNIPAM exhibits cosolvent-induced collapse in the two-phase region (Table

ter
S5).31:3863 Ag such, the cononsolvency behavior and underlying change in microstructure in
PNIPAM /DMF /water systems appears to be decoupled from solvent quality, as previously
suggested by Zhu and Chen?®.

In solution extensional rheology measurements, an increase in solvent quality is ex-
pected to result in an increase in the extensional relaxation time.% % As \p varies non-
monotonically while solvent quality remains good or slightly improves with DMF content
(Table S5), varying solvent quality is unlikely to be the primary driver of the unique exten-

sional rheological behavior in PNIPAM /DMF /water solutions. The variation in PNIPAM

microstructure with DMF content indicated by intrinsic viscosities, however, does align with
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findings from Zhu and Chen?®, thus the proposed impact on solution extensional flow be-
havior is further discussed below.

Notably, this change in intrinsic viscosity with DMF content implies that the overlap
concentration ¢*, estimated as ¢* ~ 1/[n], also changes with DMF content (Table S3). As
such, at the fixed PNIPAM concentration of 0.5% wt examined here, ¢/c* is not equal
across DMF contents, with ¢/c* near unity for some solutions and below unity for others.
However, this pronounced increase in solution extensibility in the water-rich regime (Figure
2) also persists when all solutions are dilute (¢ = 0.1% wt PNIPAM, Figure S10). The
persistence of this behavior in dilute polymer solutions — where ¢/c* is far less than unity
in all cases — suggests that the differences in solution extensibility are not simply due to
differences in ¢/c* with varying DMF content. As mentioned previously, the change in solvent
viscosity with DMF content also does not account for these variations in solution extensional
relaxation time. In summary, this unexpected increase in PNIPAM solution extensibility
from 0% to 15% mol DMF cannot be explained by differences in solvent viscosity or solution

concentration regime.

Proposed mechanism: DMF bridges PNIPAM chains

Prior studies have also reported cosolvent content-dependent solution extensional rheology
for a variety of polymers. For example, aqueous solutions of charged polymers such as
poly(acrylic acid) exhibit varying extensional relaxation times with isopropanol (IPA) con-
centration.** Khandavalli et al.?* hypothesized that the changes in A\g with IPA content
could arise from enhanced inter-chain attractive interactions in extensional flows and chang-

ing electrostatic interactions that affect coil conformation (compact vs. more extended). Ad-

20



ditionally, the extensional rheology of aqueous hydrophobically associating alkali-swellable
emulsion (HASE) polymer solutions varies with ethanol content, where Ag increases with
increasing ethanol fraction up to 60%. In HASE solutions, the changes in extensional rheol-
ogy are attributed to variations in solvent quality and aggregate size as a function of ethanol
content. %7 Finally, aqueous solutions of neutral polymers such as poly(ethylene oxide) also ex-
hibit varying Ag with acetonitrile content; these changes in extensional rheology were briefly
attributed to competing hydrogen bonding interactions in polymer/cosolvent/water mix-
tures.®® The common denominator across all aforementioned studies, despite differences in
polymer chemistry, is the presence of interactions among polymer chains, solvent molecules,
and cosolvent molecules that change with cosolvent content.

For PNIPAM /DMF /water systems, hydrogen bonding and hydrophobic interactions be-
tween PNIPAM chains and DMF molecules are thought to dictate solution properties and
microstructure at low and intermediate DMF contents. 3*3® Zhu and Chen3® reported prefer-
ential PNIPAM-DMF interactions, supported by Hansen solubility parameters that are closer
for PNIPAM and DMF than PNIPAM and water.%? As a result of these preferential interac-
tions, the authors showed computationally that the number of non-bridging DMF molecules
associating with PNIPAM chains generally increases with DMF content from 0% to 100% mol
DMF. Notably, the number of associating DMF molecules that also bridge PNIPAM chains
— thus forming physical crosslinks — increases with DMF content in the water-rich regime,
exhibiting a maximum at intermediate DMF concentrations. This region of maximum num-
ber of bridging DMF molecules corresponds to the observed two-phase region wherein the

PNIPAM microgels collapse. Such bridging of PNIPAM chains — or physical crosslinking —
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by cosolvent molecules as a result of preferential hydrogen bonding and hydrophobic associ-

31,69 70
L, L,

ations has also been reported in aqueous PNIPAM solutions with methano ethano
urea, v and DMSO™ cosolvents, and the mechanism is often proposed as the origin of
cononsolvency in these systems.

In the DMF-rich regime, the number of bridging DMF molecules decreases and reaches a
plateau as DMF content increases.®® In this regime, DMF molecules disrupt the tetrahedral
water network, likely impeding the hydration of PNIPAM chains.??™™ Additionally, PNI-
PAM/DMF /water solutions become dominated by dipole-dipole interactions due to the high
DMF content,®® thus contributing to the loss of site-specific, hydrogen bonding-mediated
bridging interactions between DMF and PNIPAM chains.

Based on the aforementioned studies, the evolution of the extensional relaxation time
with of DMF content herein is proposed to result mainly from changes in the preferential
hydrogen bonding interactions between PNIPAM chains and DMF cosolvent molecules as
well as the resulting effect on PNIPAM microstructure. At low DMF contents, the number
of bridging DMF molecules and Ag both increase from 0% to 15% mol DMF.3® At high
DMF contents, the number of bridging DMF molecules diminishes®® while \g significantly
decreases. As such, bridging DMF molecules are proposed to act as physical crosslinks that

increase the apparent molecular weight of PNIPAM in solution, resulting in the observed

variation in PNIPAM /DMF /water solution extensional rheology.

Light scattering measurements support bridging mechanism

To explore the bridging hypothesis, the microstructure of PNIPAM solutions was probed

by measuring the hydrodynamic radius, R}, using dynamic light scattering and radius of
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gyration, R,, using static light scattering (Figure ba). Results are reported for solutions
with ¢ = 0.1% wt PNIPAM, well below the lowest estimated overlap concentration of 0.5%
wt determined from ¢* ~ 1/[n] (see Table S3 for ¢* values and SI.7.2 for DLS at ¢ = 0.5%
wt). The hydrodynamic radius increases from 33.9 nm + 1.0 nm to 38.4 nm + 1.9 nm as
DMF content increases from 0% to 15% mol DMF. In the DMF-rich regime, R), instead
decreases, to <30 nm in solutions with 50% and 100% mol DMF. On the other hand, the
R, is within uncertainty from 0% to 15% mol and then increases with DMF content up
to 100% DMF. Note that these values of R, and R), in the one-phase regions support a
mechanism that is distinct from the conformational collapse and aggregation of PNIPAM
chains at temperatures above the LCST (two-phase region). Here, both R, and Rj range
from 28 nm to 40 nm in the one-phase regions while R;, of PNIPAM in 5% mol DMF /water
above the LCST (i.e. collapsed and aggregated) was previously reported by Linn et al. ** to
be ~200 nm.

Notably, the hydrodynamic radius increases with DMF content over the same range in
which the extensional relaxation time increases. This increase in Rj, from 0% to 15% mol
DMF suggests increasing DMF adsorption to PNIPAM as both the number of non-bridging
and the number of bridging DMF molecules should increase in this range.® Based on this
evidence, we propose that the bridging DMF molecules in this regime form larger, physically
associated PNIPAM networks that can behave as chains with higher apparent molecular
weights, thus increasing the apparent chain extensibility. Note that the increase in hydro-
dynamic radius with increasing DMF content herein is distinct from prior measurements

of chemically crosslinked PNIPAM microgels in DMF /water,?® where R), decreases with in-
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Figure 5: (a) Coil size measurements and shape factor R,/ R), as a function of DMF content
for 0.1% wt PNIPAM solutions (¢ < ¢*). Hydrodynamic radius (R,) exhibits a maximum
while radius of gyration (R,) exhibits a minimum at 15% mol DMF, suggesting changes in
solvation and underlying microstructure. The shape factor reflects these changes, decreasing
from 0% to 15% mol DMF to reflect the formation of denser aggregates due to DMF bridging.
The shape factor then increases with DMF content up to 100% DMF, reflecting increasing
solvation by non-bridging DMF and a return to Gaussian coils in solution. (b) Apparent
molecular weight (M,,,) increases from 0% to 15% mol DMF as DMF bridging increases,
then decreases from 15% to 100% mol DMF as chains become solvated again. Hydrodynamic
radius Ry, is co-plotted for reference.

creasing DMF content from 0% to 15% mol DMF. This difference in the evolution of Ry, is

likely due to differences between the freely-moving, linear PNIPAM chains studied herein
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and the chemically cross-linked PNIPAM microgel particles studied by Zhu and Chen®®. As
PNIPAM microgel particles are often colloidally-stable in both the swollen and collapsed
states, """ the decrease in R, of PNIPAM microgels reflects the decrease in hydrodynamic
volume of dispersed individual particles, which Zhu and Chen?®® attribute to intra-particle
DMF-bridging. Due to the constraints of the chemical crosslinks and the colloidal stability
of these microgel suspensions, R should change concomitantly with R, in these types of
systems. In contrast, linear PNIPAM chains do not have the same constraints imparted
by chemical crosslinking, and the evolution in R}, reflects the behavior of single free chains
or several associated chains. Thus here, R, and R} can evolve differently with DMF con-
tent. Therefore, for the solution of linear chains in this work, we propose that increasing
DMF-induced bridging between free PNIPAM chains — which is not possible for chemically
crosslinked microgels — results in the observed increase in Ry, from 0% to 15% mol DMF.
In 50% and 100% mol DMF, the hydrodynamic radius decreases to values near that of
Ry, measured in 0% mol DMF (Figure 5a). This decrease in R), is attributed to increasing
solvation of PNIPAM chains by non-bridging DMF molecules in the DMF-rich region. As
a result, the PNIPAM chains exist in solution more as individual chains — closer to the
conformation of PNIPAM in pure water — rather than larger networks or aggregates. In
this event, the apparent molecular weight of chains would decrease, resulting in a significant
decrease in solution elasticity — as is observed in the extensional rheology measurements.
This idea is supported by: (1) the prominence of non-site-specific dipole-dipole interactions
among PNIPAM and DMF in this regime®® and (2) the monotonic increase in associating,

non-bridging DMF molecules coupled with the decreasing number of associating, bridging
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DMF molecules in PNIPAM microgel solutions with > 50% mol DMF.3®
To demonstrate that DMF content affects the apparent molecular weight of PNIPAM in
solution, the following relation is invoked, derived from the Einstein equation for effective

viscosity of a dilute suspension of particles of volume fraction ¢:®

[]_5NA’U Vh _5NAU47TR%
=M, oM

app app 3

(3)

where N4, is Avogadro’s number, V}, is the hydrodynamic volume, and M,,, is the apparent
molecular weight; the volume fraction is defined as ¢ = ¢/Mgp,Na,Vy. Using Ry, from
DLS measurements and [n] from shear rheology, an estimate for M,,, is calculated, which
is plotted as a function of DMF content in Figure 5b. The hydrodynamic radius is co-
plotted for reference. The apparent molecular weight increases from 0% to 15% mol DMF in
accordance with the increase in I?;, and Ag over the same range. Then, M,,, decreases with
DMF content at 50% and 100% mol DMF, the same range in which R;, and A decrease.
Notably, the estimated apparent molecular weights are approximately 1 - 10° g/mol in 0%
mol DMF and 8 - 10° g/mol in 100% mol DMF — comparable to the measured weight-
average molecular weight of the PNIPAM used in this study (M, ~ 9 - 10° g/mol). Prior
studies have shown that M, rather than the number-average molecular weight (M,,) most
significantly impacts the extensional relaxation time of polymer solutions, ”®" thus lending
credence to these calculations. As such, these calculations support the idea that an increase
in DMF bridging molecules manifests in an increase in PNIPAM apparent molecular weight
in the water-rich regime. At higher DMF concentrations, PNIPAM chains become solvated
by non-bridging DMFE molecules via dipole-dipole interactions, decreasing M,y,.
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Considering the shape factor, R,/R}, helps rationalize the apparent discrepancy between
individual values of R, and Rj;. A shape factor of 1.5 corresponds to a Gaussian coil while
a shape factor of 0.78 corresponds to a hard sphere.”®® As shown in Figure 5a, R,/Ry
decreases slightly from 1.0 at 0% DMF to a value of 0.8 at 15% mol DMF, reflecting the
transition from a coil in pure water towards a more compact sphere in the presence of
15% mol DMF. Considering the proposed mechanism of DMF-mediated interchain bridging
between 0% and 15% mol DMF, this decrease in R,/R;, further evidences the formation of
PNIPAM aggregates that are physically crosslinked by DMF molecules. A similar decrease
in R,/ Ry, occurs upon an increase in chemical crosslinker fraction in PNIPAM microgels®* 8
and the number of associative groups in hydrophobically-associating polyacrylamides.®> The
hard sphere value of the shape factor herein may indicate denser PNIPAM aggregates or non-
uniform density throughout the aggregates. For example, in chemically crosslinked PNIPAM
microgels, low values of R,/R), have been attributed to a microstructure wherein a denser,
more crosslinked core is surrounded by a shell of long, loosely crosslinked dangling chains. 82 84
The formation of denser PNIPAM aggregates indicated by the shape factor also aligns with
the decrease in the apparent intrinsic viscosity from 0% to 15% mol DMF (Figure 4b). In the
DMF-rich regime, R,/R), increases from 0.8 at 15% DMF to 1.4 at 100% DMF, indicating a
transition from more compact spheres back towards Gaussian coils, further supporting the
proposed solvation of PNIPAM chains by non-bridging DMF molecules in DMF-rich solvent.

The apparent [n] also increases in this range, in agreement with the proposed mechanism

based on R,/ R,.
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Discussion
Although conducted under quiescent conditions, light scattering measurements provide sig-
nificant insight into the evolution of PNIPAM-DMF interactions and consequent PNIPAM
microstructures as a function of DMF content. Here, a mechanism by which DMF-mediated
PNIPAM interactions affect the extensional rheology of PNIPAM/DMF /water solutions is
proposed. At 0% DMF, single PNIPAM chains or small clusters of few PNIPAM chains
are being stretched in extensional flows, resulting in minimal elasticity (Figure 6a). As dis-
cussed previously, M,,, increases from 0% to 15% mol DMF as a result of DMF bridging
associations that effectively act as physical crosslinks. Thus, as DMF content is increased,
increasingly associated chains with increasing M,,, are stretched in concert, resulting in
greater extensibility — just like A\g increases with molecular weight in binary solutions of
non-associating neutral polymers.®>® The observed increase in extensional relaxation time
with interchain bridging herein is also analogous to the increase in Ag with the presence or
number of associative groups (i.e. “stickers”) in associative polymer solutions.® %8 Notably,
these associative interactions may be exacerbated in extensional flows as polymer chains
interact more strongly with each other in extensional flows than in quiescent conditions due
to larger pervaded volumes in the stretched state,®>8%% thus amplifying effects on \g.

At 50% and 100% DMF, M,,, decreases as the number of bridging DMF molecules
diminishes and non-bridging DMF increasingly solvates PNIPAM chains (Figure 6b). At 50%
mol DMF, minimally associated chains are being stretched in extensional flow, resulting in

the decrease in solution elasticity and relatively short extensional relaxation time observed.

At 100% DMF, single PNIPAM chains solvated by non-bridging DMF molecules are being

28



0 - 15% mol DMF

(@) ———~— + DMF
/")\/\/W
~ "\ =
L [n]
R [
U~ L
N N —

<«—— extensional flow —»

50 - 100% mol DMF

(b) /\m + DMF

——/).f'\—\/~t.,_,-\@%’7'\_$
AN

AN PNIPAM e bridging DMF

Figure 6: Summary of trends and proposed mechanisms in extensional flow as a function of
DMF content. (a) As DMF content increases from 0% to 15% mol DMF in the water-rich,
one-phase regime, intrinsic viscosity [n] and the shape factor R,/R), increase, reflecting a
microstructural change as DMF molecules increasingly associate with and bridge PNIPAM
chains. Consequently, M,,, increases, which in turn leads to the observed increase in Ag.
(c) As DMF content increases from 50% to 100% mol DMF in the DMF-rich, one-phase
regime, [n] and R,/R) increase as dipole-dipole interactions dominate, and PNIPAM chains
are increasingly solvated by non-bridging DMF molecules. Consequently, M,,, decreases,
resulting in the decrease in \g.

stretched, resulting once again in minimal solution elasticity.

The bridging mechanism at low and intermediate DMF content is likely aided by bulk
solvent structure. Hydrophobic hydration — where water forms a structured hydration shell
around hydrophobic moieties such as the PNIPAM isopropyl group — is known to play a crit-
ical role in aqueous PNIPAM solution phase behavior.*” Similarly, in DMF /water solvent

mixtures, DMF addition enhances the tetrahedral structure of water at low DMF incorpo-
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ration (<13.5% mol DMF?*) due to the introduction of hydrophobic methyl groups.3%77
Thus, in ternary PNIPAM /DMF /water solutions, the presence of both PNIPAM isopropyl
groups and DMF methyl groups at low DMF concentrations likely enhance the tetrahe-
dral structuring of water, driving some PNIPAM chains together as the release of water
from the hydration shell is entropically favorable.*" %1% The closer proximity of PNIPAM
chains driven together by hydrophobic hydration can make the bridging of PNIPAM chains
via preferential PNIPAM-DMF interactions more facile. In the DMF-rich region, DMF
molecules disrupt the tetrahedral structure of water, likely impeding the hydration of PNI-
PAM chains. 3™ Instead, dipole-dipole interactions between PNIPAM and DMF dominate
due to the large fraction of DMF molecules present, lending to increased solvation of PNI-

PAM chains by non-bridging DMF molecules. *°

Conclusions

This work reveals that the extensional rheology of aqueous PNIPAM solutions varies unex-
pectedly with DMF cosolvent content. In the one-phase, water-rich regime, solutions exhibit
elastocapillary thinning behavior, and the extensional relaxation time increases by more
than twenty-fold as DMF content increases. Meanwhile, in this same range, the cloud point
temperature exhibits a maximum, suggesting that the mechanism behind the extensional
rheology is distinct from LCST behavior. Instead, this remarkable increase in solution elas-
ticity is attributed to preferential hydrogen bonding interactions between DMF cosolvent
molecules and PNIPAM chains wherein DMF molecules bridge PNIPAM chains, forming

physically crosslinked aggregates/networks — a mechanism proposed previously in compu-
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tational studies. This inter-chain bridging is proposed to increase the apparent molecular
weight of PNIPAM, resulting in a concomitant increase in solution extensibility. This phe-
nomenon can be exacerbated in extensional flows wherein inter-chain interactions are en-
hanced due to the higher pervaded volumes of stretched polymer chains. As DMF content is
increased further to 50% and 100% mol in the DMF-rich one-phase region, solution elasticity
decreases significantly, and filament thinning is dominated by inertiocapillary behavior. The
reduced solution extensibility in DMF-rich solutions results from a reduction in the number
of inter-chain bridging DMF molecules and an increase in non-bridging DMF solvation of
PNIPAM chains.

Overall, this study provides valuable experimental insight into the complex effects of DMF
— a cosolvent with preferential affinity to PNIPAM — addition on the extensional rheology
of PNIPAM solutions. The results herein demonstrate that interactions among polymer,
solvent, and cosolvent can have significant effects on polymer microstructure in solution,
which tends to impact extensional flow behavior more dramatically than shear flow behav-
ior. Therefore, these interactions must be considered when designing polymer-containing
formulations that are amenable to extensional flow-dominated processes such as spraying
and atomization, coating, and fiber spinning. For example here, the addition of >50% mol
DMF would enable a high molecular weight polymer (M, ~ 1-10° g/mol) to be processed
much more readily in spraying and coating operations due to significantly reduced elastic-
ity. Nevertheless, additional spectroscopic studies are needed to directly probe interactions
among PNIPAM, DMF, and water molecules in solution. Molecular dynamics simulations

may also aid in further understanding the DMF bridging mechanism. The generality of
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the findings herein should be further assessed to probe if other cosolvents with preferential
affinity to PNIPAM, such as methanol, induce the same extensional rheological behavior. Ul-
timately, developing fundamental understanding of the interactions in these ternary polymer
solutions informs the use of cosolvent addition as a strategy to tune polymer processability
for applications ranging from spraying and atomization to fiber spinning, thus enabling the

design of processable polymer-containing formulations.
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