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Abstract

Magnetic (B) fields are an intriguing route for manipulating soft materials. While most research on B field manipulation of
diamagnetic polymers has focused on alignment of ordered structures or anisotropic domains, our recent work uncovered a pre-
viously unrecognized effect: B fields alter hydration and hydrogen bonding in thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM) solutions. Despite the well-known thermoreversible coil-to-globule transition and hydrogel formation upon heat-
ing, the impact of magnetic fields on these structural and rheological transitions has been largely unexplored. In this study, we
thoroughly examined the temperature-dependent magnetorheology of PNIPAM solutions, varying B field strength, polymer
content, and molecular weight. Linear magnetorheology reveals that increasing the B field intensity decreases the dynamic
moduli of the resulting physical hydrogel, across polymer concentrations (5-20% wt) and molecular weights (30-108 kDa),
by up to an order of magnitude. Conversely, the gelation onset temperature does not change substantially. This weakening
effect is more pronounced at longer magnetization times and slower temperature ramp rates. Nonlinear magnetorheology
following hydrogel formation reveals a two-step yielding process characteristic of attractive-driven glasses, suggesting that
magnetization decreases both the stress and length scales associated with mesoglobule cage breaking. We propose that B
fields impact the hydrogel rheology by altering the mesoglobule size and water content. This work uncovers essential under-
standing of how B fields alter hydrogel formation in PNIPAM solutions, broadening the scope of magnetic field manipulation
of diamagnetic polymer solutions.
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Introduction organic light emitting diodes (Forrest 2004) among other

applications. These materials possess the remarkable abil-

Stimuli-responsive materials that adapt their conformations
and macroscopic properties in response to external stimuli
are foundational to the future of advanced electronics such
as flexible displays (Peumans and Forrest 2001; Kim et al.
2010; Cao and Rogers 2009), biosensors (Tokarev and Minko
2009), thin-film photo-responsive solar cells (Shaheen et al.
2001; Granstrom et al. 1998; Peumans et al. 2003), and
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ity to actively respond to changes in external stimuli such as
temperature, pH (Dai et al. 2008), magnetic fields (Thévenot
et al. 2013; Osuji et al. 2004; Hamley et al. 2004; de Gennes
and Pincus 1970; Wang et al. 2015; Takahashi et al. 2006)
and electric fields (Kuijk et al. 2011; Shah et al. 2014) to alter
their micro- or nano-structure in real-time (Wei et al. 2017,
Bril et al. 2022). These responses in turn lead to a change
in physical properties such as mechanical strength (Buwalda
et al. 2014; Kimura et al. 2002; Andrews et al. 1999), optical
clarity (He et al. 2010; Asher et al. 1994; Pan et al. 1998),
color (Maji et al. 2016), or other properties which can be
utilized in a wide variety of applications.

One of the most widely studied thermoresponsive soft
materials is aqueous poly(N-isopropylacrylamide) (PNI-
PAM), which exhibits a lower critical solution temperature
(LCST) around biologically relevant temperatures. Above a
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temperature of ~32 °C, PNIPAM undergoes a coil-to-globule
conformational transition accompanied by demixing of the
polymer from water. Here, a fraction of hydrogen bonds
between PNIPAM and water are liberated and new PNIPAM-
PNIPAM and water-water hydrogen bonds form, partially
dehydrating the polymer chains. Following this partial dehy-
dration, hydrophobic interactions between PNIPAM chains
lead to chain aggregation and the formation of PNIPAM-rich,
colloidally stable mesoglobules of size ~100 nm (Lang et al.
2018; Balu et al. 2007; Niebuur et al. 2019a). Small-angle
neutron scattering (SANS) and dissipative particle dynam-
ics (DPD) simulations have also confirmed the presence of
solvated PNIPAM aggregates below the phase transition tem-
perature that may aid in the formation of these PNIPAM
mesoglobules (Lang et al. 2018). Direct imaging and SANS
reveal that these mesoglobules resemble colloidal particles,
as the globules are spherical in shape and form sharp inter-
faces (Balu et al. 2007; Niebuur et al. 2019a). The size of
the PNIPAM mesoglobule particles at elevated temperatures
depends on concentration, molecular weight, temperature,
and heating rate (Wu et al. 2004; Gorelov et al. 1997; Niebuur
etal. 2019a). However, these mesoglobules are typically large
enough to prevent light transmittance; as a result, this struc-
tural and optical transition is often examined via turbidimetry
(Aseyev et al. 2005; Halperin et al. 2015).

Above a critical PNIPAM concentration, the PNIPAM
mesoglobules form a physical hydrogel network, which
is structurally and rheologically similar to suspensions of
PNIPAM microgel particles beyond their dehydration tem-
perature (Ikeda et al. 2013; Pellet and Cloitre 2016; Scotti
et al. 2020). According to mode-coupling theory (MCT),
short-ranged attractive interactions between repulsive par-
ticles (i.e., PNIPAM mesoglobules or microgel particles)
entrap the particles in cages constrained by nearest-neighbor
“bonds,” known as an attractive-driven glass (ADG) or “gel”
at lower volume fractions (Pusey 2008; Zaccarelli and Poon
2009; Pham et al. 2004). Thus, mesoglobules in an attrac-
tive glass will be constrained both by direct interactions with
nearby mesoglobules and by caging constraints, producing
a relatively weak but stable hydrogel network (Pusey 2008;
Franco et al. 2021).

Tuning the PNIPAM hydrogel properties by altering either
the interactions between mesoglobules or the longer-range
connectivity in the ADG can expand the potential appli-
cations for PNIPAM materials. Due to its LCST around
biologically relevant temperatures, PNIPAM has previously
been studied as a tool for gene and drug delivery, cell cultures
(Shimizu et al. 2001), thermally responsive polymer-protein
conjugates (Bulmus et al. 2000; Lee and Park 1998; Hoffman
et al. 2000), and other biologically related smart hydrogel
applications (Xia et al. 2013). In many cases, the dramatic
change in PNIPAM solution elasticity with small temperature
changes is critical. However, control over the properties of
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these hydrogels usually requires changes in the solution com-
position, such as changes in solution pH (Garbern et al. 2010)
or through copolymer (Uchida et al. 2019; Smith et al. 2021)
or nanoparticle incorporation (Tan et al. 2010; Neal et al.
2023Db). These additives increase the system complexity and
in biomedical applications, can lead to time-consuming and
costly regulatory reviews. Instead, non-destructive external
stimuli such as magnetic (B) fields can provide a homo-
geneous, contactless stimulus to tune material properties
without altering chemical composition.

In soft and polymer materials, B fields have typically been
used to reorient or order ferromagnetic or superparamagnetic
nanoparticles suspended in polymer matrices, for example in
magnetorheological elastomers (MRE) (Jolly et al. 1996; Fil-
ipcsei et al. 2007). Here, B fields can induce dipole-dipole
interactions in magnetically responsive nanoparticles, caus-
ing nanoparticle chain formation in the B field direction.
Diamagnetic materials can also respond to B fields, driven
by alignment of anisotropic constituents such as liquid crys-
talline side groups (Osuji et al. 2004; Gopinadhan et al. 2012)
or crystallization of hydrocarbon chains (Vshivkov et al.
2017, 2020). For example, in diamagnetic polyelectrolyte
solutions, B fields can increase the crystallization and phase
separation temperature due to altered orientation and inter-
actions between constituents (Vshivkov et al. 2017, 2020).

Previous work of ours and others has demonstrated that
B fields critically impact the behavior of solvents and
polymer solutions. Vshivkov and coworkers examined B
field-induced changes in polyelectrolyte crystallization, find-
ing that B field effects were diminished in higher polarity
solvents (Vshivkov et al. 2017, 2020). In pure water, B fields
have been shown to alter hydrogen bonding and the struc-
ture of hydrogen-bonded water clusters, leading to changes
in macroscopic properties such as specific heat capacity,
boiling point, and viscosity (Pang and Deng 2008a; Esmaeil-
nezhad et al. 2017; Pang and Deng 2008b; Wang et al.
2018; Selim and El-Nady 2011; Pang 2006; Zhou et al.
2017; Bakherad et al. 2017; Ghorbani et al. 2019). B field
application induces changes in the electron polarization of
water molecules, leading to significant changes in molec-
ular vibrations and the hydrogen bond strength (Pang and
Deng 2008b, a; Pang 2006). Similarly, Sronsri et al. observed
changes in the Raman and infrared spectra of water due to
magnetization, which depended on the duration of magneti-
zation and intensity of the applied B field (Sronsri et al. 2021.
Pang and Bo also found that B fields increase the dielec-
tric constant of water (Pang and Deng 2008b), potentially
increasing the Debye screening length of colloids in suspen-
sion. Accordingly, magnetizing aqueous PNIPAM solutions
may alter the mechanism of dehydration, aggregation and
hydrogel network formation upon temperature elevation.

Previously, we reported that B fields decrease the optical
clouding temperature and thermodynamic phase transition
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enthalpy in PNIPAM solutions due to complex changes in the
solution H-bonding environment (Neal et al. 2023a). Here,
B fields had less impact on the transition enthalpies at higher
polymer contents and no enthalpy changes were observed
above 6% polymer, which was attributed to reduced polymer
hydration at higher polymer contents. Interestingly, limited
rheological tests on 10% polymer solutions suggested that
despite the absence of measurable enthalpy differences, B
fields could alter physical hydrogel formation in 10% PNI-
PAM solutions (Neal et al. 2023a). However the mechanism
by which B fields alter physical hydrogel formation — and
the robustness of this unique B-altered behavior to param-
eters like field intensity, molecular weight, and polymer
content — was not established.

To gain a more thorough understanding of how mag-
netic fields impact physical hydrogel formation in PNIPAM,
here we use magnetorheology to explore a range of aqueous
PNIPAM solutions in the semi-dilute through concentrated
regimes. Specifically, we examine the effects of B field
strength, polymer molecular weight and concentration, and
rheological parameters such as geometry and temperature
ramp rate to understand how B fields alter the gelation
of PNIPAM solutions upon temperature elevation. Despite
these wide-ranging sample and experimental parameters,
we obtain qualitatively similar results across systems which
demonstrate that B fields consistently decrease the dynamic
moduli of PNIPAM hydrogels — with magnetic effects
maximized using slow temperature ramp rates. Finally, the
nonlinear rheological behavior of magnetized hydrogels
reveals how B fields alter mesoglobule interactions and
subsequent hydrogel yielding behavior. Beyond providing
a new route for tailoring the properties of PNIPAM solu-
tions, these studies provide new fundamental insight on how
molecular-level field-induced changes to solvation in poly-
mer solutions subsequently manifest on longer length scales
to create unique rheological behaviors.

Methodology
Polymerization and characterization

Poly(N-isopropylacrylamide) was polymerized via reversible
addition-fragmentation chain transfer, using 2-(ethylsulfanyl
thio-carbonylsulfanyl)-2-methyl propionic acid (EMP) as
the chain transfer agent. EMP was synthesized following
prior protocols (Linn et al. 2022). N-isopropylacrylamide
(NIPAM, Fisher Scientific, 98%, stabilized) was purified via
sublimation and dried under vacuum. Azobisisobutyroni-
trile (AIBN, Sigma-Aldrich, 98%) was recrystallized from
methanol three times and dried under vacuum.

PNIPAM homopolymers are referred to as P59 (M, ~ 59
kDa, P ~ 1.23), P108 (M, ~ 108 kDa, D ~ 1.13), and P30
(M,, ~ 30 kDa, D ~ 1.06) (see Sec. SI.1.1 and Sec. SI.1.2
for characterization). Vibrating sample magnetometry (Sec.
SI.1.3) confirmed diamagnetism of all materials. All concen-
trations reported are on a percent weight of total weight basis
(% (w/w)). Dry polymer was added to a vial followed by the
appropriate mass of HPLC-grade water. Solutions were vor-
texed and mixed in a refrigerator for 48 h before use.

Differential scanning calorimetry

Thermodynamic phase transition temperatures and enthalpies
were quantified using a TA Instruments DSC Q2000 and her-
metically sealed aluminum Tzero pans loaded with ~ 20mg
of PNIPAM solution. Pans were loaded onto the instrument
at 10 °C and equilibrated for 1 min. Heat flow was quanti-
fied as a function of temperature upon heating from 10 °C
to 50 °C at a rate of 1 °C/min (0.2 °C/min also used, where
noted). Heat flow data was baseline-corrected using a tangen-
tial sigmoid model described previously (Neal et al. 2023a)
and available through the TA Instruments Universal Analy-
sis software. Phase transition enthalpy was calculated as the
integral of heat flow as a function of time upon heating (see
Sec. SI.2, Fig. S6a). Thermodynamic phase transition onset
(Ton, psc) and peak (T eqr, psc) temperatures were extracted
as the onset of the thermal transition and the peak in heat flow
as calculated by this software. Replicates of DSC experi-
ments are provided in Sec. SI1.3.

Turbidimetry

Optical transition temperatures of PNIPAM solutions were
quantified using an in-house turbidimeter described pre-
viously (Neal et al. 2023a). In short, transmittance was
examined using a red laser (5 mW, class 3R, 650 nm) and
a standard CdS photoresistor while using a cartridge heater
and PTD thermocouple controlled by an Arduino Uno to
control temperature. Solutions were heated from 20 °C to 40
°C at respective temperature ramp rates. Optical transition
onset temperatures, T¢ p, were quantified as the temperature
at which the transmittance rate changed most with respect
to temperature (Sec. SI.2, Fig. S6b). Turbidimetry replicates
are in Sec. S1.4.

Dynamic light scattering
Hydrodynamic radii, Ry, of individual polymer chains at 25
°C were quantified using a Malvern Zetasizer dynamic light

scattering (DLS) instrument. Dilute (0.1% (w/w)) PNIPAM
solutions were filtered through 0.2 um wwPTFE filters into
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poly(methyl methacrylate) (PMMA) semi-micro (~800 pL)
cuvettes. Scattering was collected over 50 scans of 10s/scan
at 25 °C. See Sec. SL.5 for autocorrelation curves and size
distributions. Intrinsic viscosity and concentration regimes
are estimated at 25 °C in Sec. SI.6 and Sec. SI1.7.

Oscillatory rheological temperature ramps

Commercially available measuring systems for magnetorhe-
ological devices (MRDs) typically utilize parallel plate (PP)
geometries due to their use with magnetorheological elas-
tomers and meso-scale particulates. These PP geometries are
not ideal for solution and hydrogel rheology. As such, an
MRD-compatible cone-and-plate geometry was developed
by Anton Paar to address these issues and reduce sample vol-
ume. This geometry has a 19.95 mm diameter cone (CP20),
with a 1.996° cone angle and 86 um truncation gap, enabling
a 70 uL calculated sample volume vs. 160 pL in a 20 mm
parallel-plate (PP20, 0.5 mm gap).

Physical hydrogel formation was quantified via small-
amplitude oscillatory shear temperature ramps; both the
CP20 and PP20 geometries were employed. Chilled solu-
tions were deposited (100 p L for CP20; 200 p L for 0.5 mm
gap PP20) onto an Anton Paar MCR 702 rheometer with a
MRD180/1T accessory at 20 °C. Temperature was controlled
via an external recirculator (Julabo FH32) filled with 40%
vol. ethylene glycol aqueous solution; to counteract induc-
tive heating from the electromagnet, extensive calibrations
have been conducted to ensure consistent and comparable
temperature settings.

First, solutions were sheared at 10s™ for 3 min to ensure
sample homogeneity. Subsequently, solutions were allowed
to relax for 3min at 0.1%, 0.1 rad-s!. Next, B fields between
0 and 0.6 T were applied and G’ and G'’ were recorded at y
=0.1% and @ = 1 rad-s™! from 20 °C to 40 °C (0.2 °C/min).
The onset of the rheological transition, Ty, ke, Was defined
as the intersection of a tangent through the point of maximum
slope inmodulus (3G /9T |max) and the low-temperature (20—
28 °C) moduli. Where applicable, the maximum storage and
loss moduli (G}, and G} .., respectively) were defined as
the maximum moduli achieved during temperature ramps,
occurring at temperatures T and Tgr , respectively (Fig.
S6¢). Where shown, error bars on temperature ramps are the
standard deviation of multiple trials (n > 2); see Sec. SI.9 for
replicates.

Where necessary, caps filled with water were placed
underneath the magnetic yoke to humidify the airspace and
limit evaporation (Sec. SI.10). Most trials (<10% PNIPAM)
showed no difference with and without evaporation control
(EC); see control trials with 10% P59 (Sec. SI1.10). However,
EC was employed for higher concentration solutions as a
precaution.
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Physical hydrogel amplitude sweeps

Following oscillatory temperature ramps (“Oscillatory rheo-
logical temperature ramps”), solutions were allowed to rest
for 10 min under a low-amplitude (yy = 0.1%,w =1 rad-s™1)
oscillations to allow for thermal and structural equilibration.
Subsequently, amplitude sweeps were collected from yy =
0.1% to 1000% at w = 1 rad-s~!. At rest and during ampli-
tude sweeps, data was collected at 40 °C and the same B
field strength as applied during the temperature ramp. Lin-
earity limits were defined as the strain amplitude resulting
in a +5% deviation from the storage modulus in the plateau
region (see Sec. SI.11). The values of G’ and G”' in this lin-
ear viscoelastic region were then defined as G/ |, p and G |,
(see Sec. SI.12). Uncertainty for individual trials was taken
as the 95% confidence interval of the y-intercept from linear
regression fitting. This uncertainty was propagated through
triplicate trials (see Sec. SI.12). Note that reported moduli
are first harmonics of the Fourier decomposition, as reported
from the rheometer.

Results

Reducing uncertainty in polymer solution
magnetorheology using new geometry

As aforementioned, PNIPAM dehydration upon tempera-
ture elevation leads to formation of mesoglobules which
scatter light, and above a critical polymer content, a weak
hydrogel subsequently forms. The relationship between these
processes, i.e., dehydration determined by heat flow from
differential scanning calorimetry, the dynamic moduli (G’,
G"") from rheology, and transmittance from turbidimetry
is illustrated for 10% PNIPAM solutions (M, = 59 kDa;
“P59”) upon heating in Fig.la (0.2 °C/min, 0 T). In the
absence of B field, 10% PNIPAM solutions begin to absorb
heat around 30.6 °C (Fig. 1a, red), corresponding to libera-
tion of PNIPAM-water hydrogen bonds (H-bonds) and the
onset of polymer dehydration. At slightly higher tempera-
tures (Ton rheo = 31.4 °C), additional dehydration leads to
aggregation and the onset of physical hydrogel formation,
denoted by an increase in the dynamic moduli (Fig. 1a, black)
and a loss factor, tan § = G”'/G’, of less than unity (Figs.
S35, S36).

Shortly thereafter (T¢p ~31.8 °C), the system under-
goes a transparent-to-cloudy optical transition (Fig. 1a, blue),
indicating that PNIPAM chains aggregate into globules suf-
ficiently large to scatter light. Further dehydration upon
temperature elevation leads to formation of PNIPAM-rich
mesoglobules that form an inter-connected network (Balu
et al. 2007; Halperin et al. 2015; Neal et al. 2023b). The
increase in the storage and loss moduli of 10% P59 (Fig. 1a)
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Fig. 1 (a) Storage (G’, =) and loss (G'’, 0) moduli, heat flow (red
solid), and transmittance (blue dotted) of 10% P59 solutions as a func-
tion of temperature. G’ and G’ collected with CP20 (yp = 0.1%, w=1

thus corresponds to formation and strengthening of this
weak physical hydrogel. The storage modulus then peaks
(Gmax = 614 Pa) at a temperature, Tgr , of 36.5 + 1.0
°C (Table 1). Beyond this temperature, moduli decay indi-
cates a weakening of the physical hydrogel network. This
decay is largely attributed to weakened interactions between
nearby mesoglobules due to temperature elevation and wors-
ening solvent quality, resulting in a breakdown of stabilizing
attractive interactions (Tanaka 1992, 1993; Balu et al. 2007).
Here, this decrease in modulus with further dehydration
implies that the continued reduction in mesoglobule per-
vaded volume due to water liberation leads to a reduction
in mesoglobule connectivity (Neal et al. 2023a). Addition-
ally, a small but positive excess volume results as this water is
liberated (Niebuur et al. 2019b; Kujawa et al. 2006; Kogure
et al. 2005); thus this small increase in solution volume may
further reduce connectivity.

Previously, we reported changes in the hydrogel modulus
upon temperature elevation when a 0.4 T magnetic field was
applied to 10% 87 kDa PNIPAM (“P87”) solutions (Neal
et al. 2023a). Using a 20 mm parallel-plate (“PP20”") geome-
try, we found that 10% P87 solutions both with and without
applied field aggregated into physical hydrogels upon tem-
perature elevation via a two-step process, with the second
step leading to a strong physical hydrogel. However, repro-
ducibility between trials utilizing the PP20 geometry was
poor, resulting in large error bars — which made determining
differences in the rheological behavior due to magnetization
challenging. These reproducibility issues are likely due to
the low viscosity of semi-dilute PNIPAM, which results in
significant spreading during loading.

These issues were abated by employing a new MRD-
compatible titanium 20mm cone-and-plate geometry
(“CP20”) developed with Anton Paar, enabling magnetic
field-dependent changes in PNIPAM hydrogel formation

rad-s™, 0.2 °C/min). (b) G’ vs. T for 10% P59 collected with CP20
(squares; same as in (a) but with error bars) or PP20 (triangles, 0.5 mm
gap), at 0 T (filled) or 0.6 T (open)

to be detected. Using this CP20 geometry significantly
improves the reproducibility of oscillatory temperature ramps
on 10% P59 solutions between trials vs. those recorded using
the PP20 at a 0.5 mm operating gap (Fig. 1b). While the data
from both geometries in Fig. 1b is identical within statistical
certainty, the error bars are substantially larger for the PP20
data. In fact at all relevant gap sizes (200-1000 pum), the
reproducibility of temperature ramps using the PP20 is worse
than that of those using the CP20 (Figs. 2a, S37). The repro-
ducibility of PP20 trials is worse for larger gap sizes (Fig.
S37), likely due to significant spreading and incomplete con-
tact between the sample and geometry resulting from higher
required sample volumes in the PP20. Beyond increasing the
trial-to-trial variability, this spreading leads to a substantial
underestimation of G’ when compared to the data recorded
in the CP20 or at smaller gap sizes in the PP20. Thus, the
CP20 was chosen as the measuring system for all remaining
trials to minimize the operating gap and sample volume while
avoiding measuring artifacts and reproducibility issues.

Despite the lower data quality from PP20 trials, apply-
ing a 0.6 T B field to 10% P59 during heating leads to a
significantly weakened physical hydrogel relative to non-
magnetized P59 — whether the CP20 or PP20 (0.5 mm gap)
is used. In either geometry, the storage modulus of 10% P59
under 0.6 T increases from about 31 °C to 32 °C before sub-
sequently decaying at higher temperatures (Fig. 1b). In either
geometry, the decay in G’ at 0.6 T begins at a lower temper-
ature and magnitude than in the non-magnetized equivalent
(open vs. closed symbols in Fig. 1b), resulting in a weaker
physical hydrogel across the measured temperature range.
To better characterize this B field weakening of the PNIPAM
physical hydrogel, additional field intensities, magnetiza-
tion times, polymer concentrations, and polymer molecular
weights were subsequently examined, all using the CP20
geometry.
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Fig.2 Storage (filled) and loss (open) moduli as a function of temper-
ature for 10% P59 under varying B field intensities (CP20, yy = 0.1%,
=1 rad-s’!, 0.2 °C/min). Error bars are the standard deviation over
multiple trials

Role of field intensity on hydrogel formation

Oscillatory temperature ramps on semi-dilute, 10% P59 at
additional B field intensities demonstrate that the maximum
hydrogel storage modulus decreases with increasing B field
intensity (Fig.2). Applying a B field of 0.2 T decreases both
the maximum storage modulus G}, and the temperature
at which this modulus is achieved vs. the O T case (Fig.2;
Table 1). Here, G’ and G"' increase with temperature ele-
vation and are nearly identical to those at O T just beyond
the transition onset temperature. However around 34.5 °C, a
noticeable deviation occurs between the moduli at 0 T and
0.2 T. Additionally, the weakly magnetized solutions at 0.2
T reach a G}, of 576 + 13 Pa at ~35.4 °C. This maximum
modulus is 10% weaker compared to the peak modulus of 0
T systems, and occurs at a temperature that is 0.6 °C lower

than for the 0 T system (Fig. 2, Table 1).

Table 1 Rheological onset (T, rhe0) and maximum storage modulus
(TG;“a ) temperatures and maximum storage modulus (G/,,,) for 10%
P59 as a function of B field intensity

B field Ton,rheo Ter Ginax

[T] [°C] [°C] [Pa]

0 314 +£0.1 365+ 1.0 617 £70
0.1 314 +£0.1 36.8 £ 1.4 640 + 60
0.2 313+0.1 354+1.1 576 £ 13
0.3 313 +0.1 342+ 0.5 449 + 44
0.4 31.2+0.1 33.2+0.2 308 + 29
0.5 312 +0.1 327+04 229 +7
0.6 309 +£0.1 31.9+0.1 93 + 18

This weakening of G/, and the shift towards lower tem-
peratures continues with increasing B field strength. At the
maximum field strength of 0.6 T, G, for 10% P59 decreases
by nearly 85% vs. its value at zero field, with G/, = 93
+ 18 Pa. Additionally, this maximum modulus occurs at a
temperature T/ —of 31.9 °C, a 4.6 °C decrease in T/
vs. at zero field. While 0.1 T magnetic fields do not signif-
icantly change either G}, or Tgr , compared to the 0 T
case (Fig. 3), at higher field intensities, the decrease in anax
and Tg —appears linear. Here, G/ ..x decreases by 1128 +
89 Pa/T, and TG;n " decreases by 9.4 + 1.8 °C/T above 0.1 T.
Extrapolating the former relationship between G/, and B
forward suggests that a B field around 0.69 T would lead to
a maximum modulus equivalent to the pre-gelation moduli,
implying that no thermal gelation transition would occur at
this field strength. However due to instrument limits, studies
at higher B field could not be conducted.

Interestingly, the 10% P59 solutions display rheological
behavior independent of B field intensity at the onset of the
rheological transition, where the dynamic moduli nearly per-
fectly overlay just above T, rheo (Fig.2). This near-perfect

agreement between G’ and G’ with increasing B appears

0 L

0.0 0j2 014 0.6
B field [T]

38 -b) 1
& 36f .
=2
.OE 34+ J
|_
32+ 1
30 1 1 1
0.0 0.2 0.4 0.6
B field [T]

Fig.3 (a) Maximum storage modulus (G},,,) and (b) temperature at G/, (T ) during oscillatory temperature ramps vs. B field for 10% P59.
Linear regressions (dashed lines) are fit from 0.1--0.6 T, shown with 95% confidence intervals (solid lines)

@ Springer



Rheologica Acta (2024) 63:493-512

499

to extend through the temperatures at which the optical
transition occurs, corresponding to the formation of PNI-
PAM aggregates sufficiently large to scatter light; note that
a minor decrease in the cloud point transition temperature is
expected with increasing B (Neal et al. 2023a). Prior work on
a higher PNIPAM M,, (87 kDa) showed negligible change in
the onset temperature of the DSC transition with increasing
field strength, and the measured phase separation enthalpy,
AHg,p, was shown to be independent of field strength above
6% (w/w) PNIPAM (Neal et al. 2023a). Similarly, here pre-
magnetization of 10% P59 solutions (0.25 T for 3 days)
did not appreciably change A Hy,p, (Sec. SI1.16). Thus paired
with evidence from prior work, this similarity in rheolog-
ical behavior near 7, ;4., and lack of change in AHy,),
suggests that B fields do not significantly impact the initial
stages of the PNIPAM dehydration and aggregation process
— though later stages of this multi-step process could be
altered (Niebuur et al. 2019a; Meier-Koll et al. 2012).
However, B fields do appear to restrict the ability of
PNIPAM aggregates to form strong mesoglobule networks
with significant inter-mesoglobule “bonds,” thereby hinder-
ing the formation of the physical hydrogel that increases
G’ upon temperature elevation. This idea is supported both
by the fact that G/, continually decreases with increasing
field strength and that the temperature at which this maxi-
mum modulus occurs concomitantly decreases — meaning
that the field-dependent dynamic moduli do not converge
at high temperatures, even when normalized by G}, (Fig.
S40). This non-convergence at temperatures corresponding
to mesoglobule formation and network development suggests
that B fields both alter how these processes proceed and
narrow the temperature range over which these processes
occur. Thus, the B field weakening of PNIPAM hydrogels
likely arises from altered inter-mesoglobule interactions,
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motivating subsequent sections which explore how B field
effects persist when varying other factors known to impact
mesoglobule formation (Wu et al. 2004; Gorelov et al. 1997,
Niebuur et al. 2019a) such as magnetization time (“Time-de-
pendent magnetic field effects”), and polymer concentration
(“Impact of polymer concentration on hydrogel formation
in B fields”) and molecular weight (“Influence of molecular
weight on magnetorheology™).

Time-dependent magnetic field effects

As the size of PNIPAM mesoglobules formed upon temper-
ature elevation is known to depend on both temperature and
temperature ramp rate, d7T /dt (Gorelov et al. 1997; Balu
et al. 2007), the temperature ramp rate during magnetorhe-
ology was next altered to gain more insights into how B
fields alter mesoglobule and network formation. At zero field,
heating PNIPAM solutions more quickly minorly increases
both the onset of the rheological transition and the tempera-
ture at which the strongest hydrogel forms, 7, (Fig.4a).
These increases are consistent with increases in the associ-
ated optical transition temperatures observed with increasing
temperature ramp rate in both laser light scattering (Shang-
guan et al. 2014) and turbidimetry (Osvéth and Ivan 2017),
reflecting that PNIPAM chain dehydration and subsequent
chain reorganization and aggregation are fairly slow dynamic
processes (Shangguan et al. 2014; Osvath and Ivan 2017).
Just as the clouding transition is a dynamic process, the for-
mation of the PNIPAM physical hydrogel network also takes
time; as a result, TG{MX increases as dT /dt increases.

The increase in T — with dT /dt is roughly linear
(Fig. 5a, blue squares), consistent with the linear relation-
ship between d T /dt and optical transition onset temperature,

b) 0.6 T
600 | °C/min i

—=— 0.2 . .
=04 + magnetization time
0.6
‘@400F 038
o, ——1.0
o ——1.0, +44 min 3

Fig. 4 Storage modulus G’ vs. temperature for 10% P59 at temperature ramp rates from 0.2 °C/min to 1.0 °C/min with (a) no B field applied (0
T) and (b) 0.6 T field applied. Collected on 20 mm cone-and-plate with Yy = 0.1%, w=1 rad-s’!
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Fig. 5 (a) Temperature of maximum storage modulus during temper-
ature ramps (T ) and (b) corresponding maximum storage modulus

(G/..x) as a function of temperature ramp rate (dT /dt) for 10% P59 at

Tcp, in turbidimetry measurements of others (Osvath and
Ivan 2017) and in this system (SI.18). Here, T¢ p increases
linearly with temperature ramp rate at a rate of 3.1 °C per
°C/min — similar to that for TG.’mx (2.9 °C per °C/min).
Conversely, G}, at zero field is relatively unaffected by
temperature ramp rate (Fig. 5b, blue), and a similar strength
hydrogel forms for all temperature ramp rates.

In contrast, both G/, and T, strongly increase with
increasing dT /dt under 0.6 T maénetic field (Figs.4b, 5),
suggesting a potential antagonistic effect between d T /dt and
B field. Here, B field reduces 7, and G ax less relative to
the O T case when the temperature ramp rate is faster (B =
0.6 T, red circles, Fig. 5). For example, when 0.6 T is applied
to 10% P59, G}, is reduced by 85% at a ramp rate of 0.2
°C/min vs. the 0 T control, but only reduced by 30% when
dT/dt is 1 °C/min (Fig.5a). This increase in G}, scales
linearly with temperature ramp rate, at a rate of 463 + 59
Pa/ (°C/min); TG;n " also increases linearly, by 3.9 + 0.4 °C/
(°C/min). In other words, as the temperature increases more
rapidly and the hydrogel has less time to form due to diffusion
limitations, the power of B fields to reduce the strength of the
physical hydrogel (or the temperature at which G, occurs)
appears to diminish. This finding is in contrast to the zero
field case, where only Tg: is dependent on d T /dt.

One potentially important difference between trials at dif-
ferent d T /dt is that trials at higher dT'/d are exposed to the
B field for less time. Thus while d T /dt and B field could act
antagonistically, another possible explanation for the trends
in Fig.5 is that this reduced magnetization time reduces the
impact of the field on hydrogel microstructure. To test this
hypothesis, 10% P59 was “pre-magnetized” at 0.6 T (44 min
at 20 °C) prior to performing the oscillatory temperature ramp
at 1 °C/minand 0.6 T. Here, both 7/ and G}, shift down-
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0 T (blue squares) and 0.6 T (red circles). 95% prediction bands are in

solid lines, assuming linear regressions. When pre-magnetized at 0.6 T

for 44 min prior to 1.0 °C/min temperature ramp, both Tgr and G}y

decrease to values near those resulting at 0.2 °C/min

ward to nearly identical values as those achieved under a
slower 0.2 °C/min ramp (Figs.4b, 5). Note that the 44 min
pre-magnetization was chosen such that G/,,, would occur
at roughly the same magnetization time in this 1 °C/min trial
as in the 0.2 °C/min trial without pre-magnetization (see Sec.
SI.19).

These results suggest that the magnetic field-induced
weakening of 10% P59 hydrogels depends more on total
magnetization time rather than the temperature ramp rate
during hydrogel formation. At higher dT /dt, P59 solutions
spend less time exposed to magnetic fields, leading to a
decreased weakening effect — which can be recovered if
the solutions are simply pre-magnetized before applying a
high ramp rate. Similar time-dependent magnetization effects
have been reported previously in water (Sronsri et al. 2021),
where significant changes in the highest-intensity water peak
of the infrared spectra required sufficiently long magnetiza-
tion times. On this basis, the P59 solutions here likely require
some minimum magnetization time (for a given B field inten-
sity) for hydrogel strength effects to saturate. Given 7, and
G/,ax depend on magnetization time for all temperature ramp
rates in Fig. 5, magnetic effects do not appear to saturate at
these d T /dt.

Although this hydrogel weakening seems to mainly rely
on magnetization time, magnetic field application and tem-
perature ramp rate may act individually or in tandem to alter
the hydrogel modulus. PNIPAM mesoglobule size is known
to strongly depend on thermal history. For example, as previ-
ously reported using light scattering (Wu et al. 2004; Gorelov
etal. 1997; Niebuuret al. 2019a), increasing d T /dt or quench
temperature results in smaller PNIPAM mesoglobules sizes
— which could explain to the changes in zero field proper-
ties shown in Fig.5. Similarly, magnetic fields may reduce
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Fig. 6 Storage modulus, G, with increasing temperature as function of B field intensity for (a) 5%, (b) 10%, (c) 15%, and (d) 20% P59. (c) is
shown up to 50 °C, whereas (d) is shown starting at 27 °C, both for visualization. Significant noise in (a) likely results from low torque near the

detection limit

the size of PNIPAM mesoglobules in dilute solutions —
though whether this effect is observed depends on thermal
history (Sec. SI.20). While dilute solution behavior may not
be indicative of field-induced changes at higher P59 content,
thermal history and magnetization may nevertheless act in a
complex manner to alter hydrogel formation.

Impact of polymer concentration on hydrogel
formation in B fields

For solution concentrations between 5% and 20% P59, appli-
cation of B field intensities up to 0.6 T generally decreases
the storage modulus at elevated temperatures relative to the
equivalent non-magnetized solution (Fig.6); however, the
rheological behavior immediately following the onset of rhe-
ological transition is nearly identical for both magnetized
and non-magnetized solutions. Similar to that observed in

10% P59, both the maximum modulus and the tempera-
ture at which G/ ,, occurs decrease with increasing field
intensity. However interestingly, the critical field intensity
required to observe a significant reduction in G}, ,, and Tgr .
appears to increase with increasing concentration. For exam-
ple, while the oscillatory temperature ramps for 10% P59 are
statistically identical at O T and 0.1 T (Fig. 6b), nearly iden-
tical responses with increasing temperature are observed up
to 0.3 T for 20% P59 (Fig.6d). Nevertheless, in 5%-20%
P59 solutions, the resulting volume fraction of PNIPAM-rich
mesoglobules is sufficient to form a weak physical hydrogel
above Ty, rheo-

The similarity in the rheological behavior across P59 con-
centrations and B field intensities is attributed to the similar
concentration regime for these solutions. Each of these P59
solutions is above the P59 overlap (c*) concentration at 25
°C, but is below the cross-over concentration (¢**) at 25
°C. The overlap concentration boundary is often estimated

@ Springer



502

Rheologica Acta (2024) 63:493-512

as 1/[n] (Bohidar 2015), where [n] is the molecular weight-
dependent intrinsic viscosity. For P59, the intrinsic viscosity
at 25 °C is approximately 48 mL/g as measured via dynamic
light scattering (Sec. SI.5) and confirmed via rheology (Sec.
S1.6). Thus, 03359 ~ 2.1% (w/w) at 25 °C. However, the
PNIPAM chain radius of gyration is reduced slightly with
increasing temperature even prior to the LCST (Wu and Zhou
1996; Wang et al. 1998; Wu and Wang 1998; Wang and Wu
1999) and the chain and mesoglobule pervaded volume both
decrease upon temperature elevation as water is liberated
(Tavagnacco et al. 2018; Krasovitski et al. 2004), leading to
a loss in network connectivity and a decrease in G’ at tem-
peratures above G|,. (Neal et al. 2023a). As such, these
concentration regime values should be regarded as estimates
only. Given that all P59 concentrations here are above ¢* at
25 °C, qualitative similarity in their responses to B fields may
be due to their similarity in concentration regime; note that
no hydrogel is expected to form in dilute and non-interacting
systems (¢ < ¢*) and that jammed, thoroughly entangled sys-
tems may exhibit significant differences due to entanglement
effects (¢ > ¢*™).

At 5% P59, the polymer concentration is only twice that
of ¢* at 25 °C, resulting in a weak physical gel with a G/,
around 40 Pa at O T (Fig.6a). Compared to the 10% P59
solution at 0 T, this G}, is more than an order of magni-
tude lower (~40 Pa vs. 614 Pa) due to the reduced polymer
content. The zero-field, 5% P59 solutions also begin the rheo-
logical transition (7, neo) at a higher temperature than 10%
P59 solutions (31.7 °C vs. 31.4 °C, respectively; Table S5).
For all P59 concentrations herein, T,, 1., decreases with
increasing P59 content (to 29.7 °C at 20% P59), indicating
that 20% P59 is likely below or near the critical volume frac-
tion ¢, corresponding to the minimum lower-critical solution
temperature on the 7 vs. ¢ phase diagram. As PNIPAM con-
centration increases, local concentration fluctuations cause
more frequent nucleation of PNIPAM-rich areas, promot-
ing the phase transition at lower temperatures (Yanase et al.
2020).

Similar to 10% P59 (Fig. 6b), increasing B decreases G,
of 5% P59 from ~40 Pa at 0 T to ~18 Pa at 0.6 T. The
temperature of the maximum modulus 7/ is also reduced
by B application; however, these changes are only qualita-
tively compared due to the low signal from the weak 5%
P59 materials. At this lower concentration, the P59 solution
forms only a weak aggregate network and is far below ¢**
(Sec. SI.6) at 25 °C, denoting a lack of extensive entangle-
ments. While entanglements may form during initial collapse
in semi-dilute PNIPAM, their disentanglement is relatively
rapid and unconstrained (Yushmanov et al. 2006; Lu et al.
2011).

At 15% and 20% P59, the polymer concentration is suf-
ficient to form stronger physical hydrogels, with G/ ,, at
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zero field around 1.8 kPa and 3.2 kPa, respectively (Fig. 6c,
d). However, increasing B field intensity still decreases G’
of 15% and 20% P59 at elevated temperatures relative to
the 0 T case following the initial hydrogel formation region
(T > Tyn.rheo + 2 °C). Interestingly, in contrast to both 5%
and 10% P59, the storage modulus of both 15% and 20%
P59 solutions at 0 T increases with increasing temperature to
much higher TG;n " (~ 40 °C). Unlike at lower P59 concentra-
tions where the tail of the DSC curve coincides with T/
(Fig. 1a), this water liberation stage occurs prior to Tgr
in 15% and 20% P59 solutions (Fig. S46) — meaning that
the loss in network connectivity occurs well beyond comple-
tion of polymer dehydration. Prior studies have noted that at
higher concentrations, liberated water can become trapped in
pockets within the forming PNIPAM mesoglobule due to the
presence of a dense PNIPAM shell, which slowly escapes in
time (Niebuur et al. 2019b; Philipp et al. 2014; Ramon et al.
2001). Thus this temperature mismatch between the end of
polymer dehydration and when G/, occurs is likely because
the mesoglobules retain larger volumes after dehydration due
to this trapped water, thereby maintaining network connec-
tivity.

Interestingly, while a 0.2 T field dramatically alters the
rheological response in 10% P59 (Fig. 6b), a much less sub-
stantial change in response is observed at 0.2 T for the 15%
and 20% P59 solutions (Fig.6c, d). In general, the mini-
mum field intensity required for G/, to decrease appears
to increase with increasing polymer content (Figs. 6, S47).
This effect persists at higher field intensities, suggesting that
the ability of the field to lower G/,,, depends on polymer
content (Fig. S47), with the field exhibiting less of an effect
at higher polymer content. This finding is consistent with our
prior work showing that B fields altered A Hy,, less at higher
polymer contents. One possible explanation is that although
all P59 solutions are below ¢** at 25 °C (Sec. SI.7), addi-
tional stabilizing physical linkages or entanglements between
PNIPAM mesoglobules are more likely at higher polymer
contents, potentially reducing the ability of the B field to
weaken the hydrogel. Interestingly, despite the reduced abil-
ity to weaken GJ,,, at higher polymer content, applied B
fields actually reduce Ty more at higher polymer concen-
trations (Sec. SI.23). The possible origins of this apparent
discrepancy will be examined further in “Discussion”.

Influence of molecular weight on magnetorheology

Magnetically induced weakening of PNIPAM physical hydro-
gels persists in PNIPAM solutions with nearly twice (108
kDa, “P108,” Fig.7a) and half (30 kDa, “P30,” Fig.7b) the
number-average molecular weight (M,,) as P59. At zero field,
the onset of rheological transition for 15% PNIPAM solu-
tions, Ty, rheo» 18 actually the lowest for P30 (30.0 °C) but
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Fig.7 Storage modulus, G’, with increasing temperature as function of B field intensity for aqueous 15% (a) P108 and (b) P30

increases to 31.2 °C and 31.4 °C for P59 and P108 solutions,
respectively (Table 2). While optical and rheological phase
transition onset temperatures typically decrease with increas-
ing PNIPAM molecular weight (Qiu et al. 2013), end group
effects may alter or reverse this relation (Tong et al. 1999; Ru
and Feng 2011; Qiu et al. 2013). Alternatively, the reported
rheological onset temperatures, T, ,ne0, may be artificially
shifted with changes in molecular weight due to differences
in the rheological behavior and mechanisms underlying the
increase in modulus at elevated temperatures. Both P59 and
P108 form “hydrogels” upon temperature elevation, where
the storage modulus exceeds the loss modulus at all temper-
atures above T, ,1e, for all field intensities (Figs. 6¢, 7a) and
for much of the frequency-dependent relaxation spectrum at
40 °C (Secs. SI.13, SI1.32). Conversely, 15% P30 remains a
viscoelastic liquid under all conditions, exhibiting G’ greater
than G’ at all temperatures above Ton.rheo (Fig.7b) and across
the frequency spectrum at 40 °C (Fig. S49).

Similar to 15% P59 solutions, the storage moduli increase
for both 15% P108 and 15% P30 solutions for roughly 10
°C following T, rheo at 0 T (Fig.7a and b, respectively).
However, the temperature range over which this increase in

Table 2 Rheological onset (7, rhe0) and maximum storage modulus
(T ) temperatures, maximum storage modulus (G}, ), and loss fac-
tor at maximum storage modulus (fan dmax ) for 15% PNIPAM solutions
as a function of polymer molecular weight (M,,) formed under 0 T

M, Tan,rheo TGI’MX G;nax tan Smax
[kDa] [°C] [°C] [Pa] [1]

30 30.0 37.1 470 1.58

59 31.2 39.5 1810 0.87
108 31.4 42.0 2500 0.65

dynamic moduli occurs (Ty, rheo < T < Tgr.) also increases
with increasing M,,, from 7.9 °C in P30 to 8.9 °C in P59 and
10.7 °C in P108. As mesoglobule formation and formation
of the hydrogel is a diffusion-limited process (Van Durme
et al. 2004; Papadakis et al. 2024; Osvéth and Ivan 2017,
Shangguan et al. 2014), this increase in temperature range
from the transition onset to the maximum hydrogel strength
(AT peo = Tanax — Ton.rheo) 1s potentially due to slower
diffusion of forming mesoglobules in high molecular weight
solutions. In other words, the modulus of higher molecu-
lar weight PNIPAM solutions is higher following Ty rheo
(Fig. S50), which slows the movement of mesoglobules and
broadens the rheological transition. Further, the loss factor at
the peak modulus, tan d,4x, decreases with increasing poly-
mer molecular weight (Table 2) — suggesting that increased
physical interactions and entanglements between mesoglob-
ules at higher M,, create a more solid-like network.

As in P59, increasing the magnetic field intensity decreases
both G/, and Tgr, in 15% P108 (Fig.7a) and 15% P30
(Fig.7b). Similar to the trends observed with increasing poly-
mer content, B fields appear to reduce G/, less at higher
M, (Fig.7a vs. b; Fig. S51), again suggesting that physical
interactions between mesoglobules may help stabilize the
hydrogel and prevent B-induced weakening. Interestingly,
the shift in 7, with B fields is notably more pronounced
in P108 than in P59 (-6.6 °C vs. -3.8 °C from 0 T to
0.4 T, respectively), leading to a smaller AT}, in P108
at higher fields. Although in the absence of magnetic fields,
P108 undergoes a broader rheological transition, the polymer
dehydration process occurs over a more narrow tempera-
ture range in P108 than in P59 (3.9 °C vs. 4.4 °C; Fig.
S52, Table S6), likely due to the lower dispersity of P108.
Here, the polymer dehydration range width is defined as the
temperature range between the onset of heat flow, T,, psc,
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and the temperature of 95% of the total phase transition
enthalpy, 0.95A Hy,,, (Sec. SL.27). As B fields are known to
alter solvent polarization and PNIPAM hydrophobic hydra-
tion (Neal et al. 2023a; Sronsri et al. 2021; Pang 2006; Pang
and Deng 2008a), the PNIPAM dehydration and mesoglob-
ule formation process during magnetization may occur more
completely over a smaller temperature range in P108 than in
P59, causing this reduction in A7, ., in P108.

As aforementioned, across the entire rheological transi-
tion regime (T > Tyy rheo) and all magnetic fields examined
herein, 15% P30 solutions behave as viscoelastic liquids,
with tan 6 > 1 — unlike 15% P59 and P108 which behave
as viscoelastic hydrogels with tan § < 1. Amplitude sweeps
confirm that the applied deformation is linear (Fig. S53),
and frequency sweeps confirm G”' > G’ across all frequen-
cies probed (Fig. S49). According to mode-coupling theory
(MCT) (Mason and Weitz 1995), at sufficiently high volume
fraction and inter-particle attractions, particles in a suspen-
sion will become kinetically trapped into an attractive-driven
glass (ADG). However here, we propose that P30 solutions
form mesoglobules with inter-particle attractions at elevated
temperatures, but these interactions and the polymer con-
centration are insufficient to induce formation of a physical
hydrogel. This difference leads to distinct rheological behav-
ior in P30 solutions with magnetization. While magnetic
fields still weaken both G’ and G"’ like in P59 and P108, the
dynamic moduli generally plateau at elevated temperatures
— as opposed to reaching a maximum value and subse-
quently decaying as network connectivity is lost (Neal et al.
2023a). Additionally, anomalous changes in the magnetic
field-induced weakening are observed at 0.5 T compared to
lower field strength counterparts (Fig.7b, blue). While the
temperature at which G}, occurs generally decreases with
increasing B, the moduli peak, decay, and then rise again
at 0.5 T. This peculiar behavior intensifies at 0.6 T (Figs.
S55, S56). Although unusual, the differences in rheological
behavior upon magnetization in P30 are likely due to its vis-
coelastic liquid-like behavior at all conditions, which is not
observed in any other solution.

To further test the hypothesis that increased physical inter-
actions and entanglements between mesoglobules prevent B
field-induced modulus weakening, the rheological behavior
of a higher molecular weight (M,, =314 kDa, P314) and high
dispersity (D~ 3.03) PNIPAM was examined. P59 and P108
solutions exhibit a peak in G’ and subsequent decay at ele-
vated temperatures, which has previously been attributed to a
loss of network connectivity due to a reduction in mesoglob-
ule size upon water expulsion (Neal et al. 2023a). However
in 7.5% P314 solutions, G’ monotonically increases with
temperature (Sec. SI.29). This rheological behavior mir-
rors that of other entangled PNIPAM solutions, which were
hypothesized to maintain connectivity at elevated tempera-
tures due to stability afforded by additional physical linkages
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between mesoglobules (Neal et al. 2023a,b). Other authors
have described this phenomenon as a “pearl-necklace” con-
formation, where dehydrated PNIPAM-rich pearls are linked
by solvated PNIPAM chains (Wang et al. 2022). Perhaps
unsurprisingly, in contrast to the behavior observed when
M,, < 108 kDa, P314 is unaffected by the application of a 0.4
T magnetic field. Here, the dynamic moduli of magnetized
and non-magnetized 7.5% P314 solutions are statistically
identical at all measured temperatures (Fig. S57). Thus, the
high polymer dispersity and the presence of MDa-length
chains in P314 appear to prevent magnetic fields from reduc-
ing the strength of the resulting hydrogel.

Nonlinear rheology of PNIPAM hydrogels formed
under B fields

Magnetic fields generally decrease the strength of PNIPAM
hydrogels relative to non-magnetized controls in the lin-
ear viscoelastic regime (LVE), across molecular weights,
concentrations, and temperature ramp rates. Finally, the non-
linear flow behavior of 15% and 20% P59 solutions under
applied B field was examined to provide additional insight
into the mechanisms underlying field-induced changes in
microstructure (Fig.8). Following oscillatory temperature
ramps, 15% P59 solutions at 40 °C in the absence of B field
show viscoelastic solid-like behavior with a loss factor of less
than unity (tan § = 0.86; Table 3). Here the linear viscoelas-
tic (LVE) region extends to an amplitude of ~5% (Fig.8a);
see Fig. S34 for standard deviations on amplitude sweeps
from multiple trials. In this LVE region, the physical hydro-
gel formed from 15% P59 exhibits average G’ and G” values
of 1.7kPaand 1.5 kPa, respectively (Fig. S33; Table 3), signi-
fying a relatively strong physical network. Above 5% strain,
the solution begins to shear thin with tan § exceeding unity
at yp ~ 170%. Lissajous-Bowditch curves for select relevant
strains are shown in Fig. S59, exhibiting a clear transition to
nonlinearity by yp = 10%.

Following the onset of nonlinear deformation, a second
pseudo-linear plateau is observed (20%< yy <150%) before
another region of modulus decay (Fig.8a). This two-step
yielding behavior has been reported previously in a variety
of systems and is characteristic of ADGs. Note that these
networks would be considered a “glass” or “gel” depending
on the volume fraction (Zaccarelli and Poon 2009); how-
ever here, the total mesoglobule volume fraction is unknown
because the amount of water in each globule is unknown.
This two-step yielding typically attributed to the breakup of
structures on two separate length scales at different stress
limits (Pham et al. 2008; Laurati et al. 2011; Koumakis and
Petekidis 2011; Joshi and Tata 2017; Ahuja et al. 2020;
Franco et al. 2021). For example, Pham et al. (2008) and
Koumakis and Petekidis (2011) found a two-step yielding
behavior in an ADG formed from poly(methylmethacrylate)
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(PMMA) microgels grafted with poly(hydro-stearic acid)
(PHSA). The first yielding step (at strain amplitude y = y)
corresponded to the breakup of bonds between PMMA-
PHSA clusters, whereas the second yielding step (y2)
signaled the breakup of clusters into smaller constituents.
Similarly, Franco et al. (2021) noted that PNIPAM micro-
gel systems (0.9% (w/w)) contained two steps of shear
thinning; the first yielding step (y;) was attributed to the
disruption of PNIPAM microgel particle-particle interac-
tions whereas the second (y,) was attributed to the breakage
of nearest-neighbor particle cages, eliminating longer-range
correlations and allowing particles to flow. Saisavadas and
coworkers (2023) examined the large amplitude oscillatory
shear (LAOS) behavior of PNIPAM microgels with and with-
out dangling chains using the sequence of physical processes
method (Rogers et al. 2011). This work showed that entan-
glements between nearby PNIPAM mesoglobules are largely
responsible for the first yielding transition (Saisavadas et al.
2023). Both the two-step yielding (Fig.8) and Lissajous-
Bowditch curves across the yielding transition (Fig. S59) for
semi-dilute PNIPAM solutions here are qualitatively simi-
lar to the entangled PNIPAM microgel systems investigated

by Saisavadas et al. (2023). Accordingly, the two-step yield-
ing behavior of semi-dilute PNIPAM seen here is proposed to
correspond to the breakage of short-range inter-cluster attrac-
tive associations and entanglements between mesoglobules
(step 1, y > y1) and the breakage of nearest-neighbor cages
allowing mesoglobules to flow (y > y») as illustrated in
Fig.9.

When formed under the presence of 0.2 T B fields, phys-
ical hydrogels from 15% P59 weaken to a G, of 1.6
kPa and G’L’VE of 1.3 kPa (see Fig. S33; Table 3). Consis-
tent with the oscillatory temperature ramps under applied
field (Fig.6c¢), the linear dynamic moduli (G} . G7yg)
of 15% P59 hydrogels decrease at 40 °C with increasing
field strength. This decrease in G’ and G is dramatic at
higher field strengths, consistent with the peak and rapid
decline in moduli at higher temperatures. Consequently, the
corresponding stress at each strain amplitude and the linear
viscoelastic loss factor, tan §, also decrease with increasing
B intensity (Fig. 8b; Table 3).

Based on the proposed yielding mechanism (Fig.9), the
strain corresponding to the first yielding step () in Fig. 8a)
estimates the strain required to break the short-range inter-
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Table 3 Storage modulus (GZVE) and loss factor (tan §7y ), strain and stress after first yield step (y, o1), and strain and stress at second yield
step (12, 02) for 15% P59 as a function of B intensity, from amplitude sweeps at 40 °C. Reported uncertainty is the standard deviation (n = 3)

B field Give tan Sy g Y1 o1 V> 07

[T] [Pa] [1] [%] [Pa] [%] [Pa]

0 1720 + 16 0.86 + 0.01 3.7+0.6 82.4 +16.9 146 + 23 1350 + 280
0.2 1570 + 16 0.86 + 0.01 3.7+0.6 74.6 +21.4 116 £ 18 1130 + 370
0.4 840 + 13 0.83 + 0.01 29+0.5 315+ 164 103 £ 0.1 500 + 240
0.5 240 £ 8 0.82 + 0.01 33+0.1 9.4+ 1.5 82 + 0.1 120+ 9

particle bonds (Pham et al. 2008). Interestingly, y; does not
vary significantly with magnetic field intensity in 15% P59
(3.7% in O T vs. 3.3% in 0.5 T, Table 3), suggesting that the
length scale associated with the range of inter-particle attrac-
tions is not significantly changed by B at 40 °C. However,
the resulting stress at this first yielding step, oy, is an order
of magnitude lower at 0.5 T vs. 0 T (Fig. 8b).

While direct connections between neighboring mesoglob-
ules break around 4% strain (y ), mesoglobules are prevented
from moving freely due to caging interactions until higher
strain amplitudes. A schematic for the rearrangement allowed
above y; and y, is shown in Fig. 9, showing that large-scale
topology only occurs above y,. The force required to break
nearest-neighbor cages is thus estimated by the peak stress
(02) in terms of o vs. yy (Fig.8b; see also Fig. S34), at a
corresponding strain y». In 15% P59 at zero field, this cage
breakup occurs at roughly 146% strain, corresponding to oo
= 1.3 kPa (Table 3). Accordingly, mesoglobule cage distor-
tions allow for motion on the order of 146% of the particle
diameter (Pham et al. 2008). Under 0.5 T, these values for y»
and o, decrease to 82% and 120 Pa, respectively, suggest-
ing that the local motion lengths allowed by particle cages
prior to cage breaking decrease upon magnetization. Pham

Caged, bridged

Fig.9 Networks of PNIPAM-rich mesoglobules in semi-dilute hydro-
gels yield in two steps. First, attractions between mesoglobules break
and reform when y > y;. Widespread network rearrangement occurs
when y > y, due to melting of the network. Mesoglobules colored for
visualization by location before strain sweeps as (red, “*’”) mesoglobule
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Caged, bridge

et al. suggest that y» corresponds to the “topology-breaking
strain” — an approximation for the length scale of correlated
movement by nearby particles (Pham et al. 2008) — suggest-
ing that magnetized systems exhibit a shorter length-scale for
correlation. One possible explanation is that magnetization
creates tighter cages around each mesoglobule, potentially
due to the formation of more, smaller mesoglobules with
magnetization (Sec. S1.20). Another likely possibility is that
magnetized hydrogels have lower connectivity at 40 °C than
those at 0 T, requiring a lower topology-breaking strain to
observe widespread flow. This lower connectivity at 40 °C is
more pronounced at higher B, because 40 °C is further from
T athigher field strengths.

Hydrogels formed from 20% P59 (Fig.8c, d) and 15%
P108 (Sec. SI1.32) show qualitatively similar changes in
nonlinear rheology upon magnetization as 15% P59, with
magnetized hydrogels having lower y», o1 and o,. Due to
the higher polymer content, G} , ; for non-magnetized 20%
P59 is higher than 15% P59 (3.1 kPa vs. 1.7 kPa, respec-
tively). However, tan §;y g is ~0.9 at both concentrations.
Similarly, y; for non-magnetized 20% P59 is roughly 4%
and y, is 130%, only slightly lower than in 15% P59 sys-
tems (y» =150%). With a higher polymer concentration, the

s broken

Cages broken

kY

of interest, (blue, “1”’) direct neighbors and (green, “ii”’) other mesoglob-
ules. Above y;, the relative topology of nearest neighbors remains
the same, but bonds between nearest neighbors may break. Above y»,
widespread flow permits topology to change. Adapted from Pham et al.
(2008) and Zhao et al. (2014)
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mesoglobule cage size is likely smaller in 20% P59, decreas-
ing y» accordingly. Just as in 15% P59, values of y, and tan
8 vk all decrease with increasing B field strength whereas y;
remains roughly constant. Thus as the nature of mesoglob-
ule interactions is similar between 15% and 20% P59, the
length-scale of deformation to break these bonds is also sim-
ilar between the two systems (y| ~ 4%).

Discussion

Magnetic (B) field application clearly alters the rheological
response of hydrogels that form in PNIPAM solutions at ele-
vated temperatures — leading to lower maximum moduli
and a lower maximum temperature at which G’ achieves its
maximum value. An outstanding question is how specifically
magnetic fields alter the mesoglobule formation and network
formation process to decrease both G/, and Tgr - Dur-
ing magnetization, several common features of the hydrogel
formation process are apparent across a range of molecular
weights (30-314 kDa) and polymer concentrations (5-20%
wt): (1) B fields usually weaken the resulting hydrogel mod-
ulus at elevated temperature unless M, is high; (2) G’ during
the initial rheological transition (corresponding to the initial
mesoglobule formation process) appears unchanged with B
fields; (3) both Gy, and T decrease with increasing B.
Given that the polymer concentration does not change during
magnetization, the most plausible explanations for this field-
induced weakening are either a change to the mesoglobule
size and the resulting network connectivity, a change in the
interactions between mesoglobules, or some combination of
both.

Based on the evidence from experiments and our prior
work (Neal et al. 2023a), we propose that because B fields
alter solvent polarization and solvent quality (Sronsri et al.
2021; Neal et al. 2023a), B fields also alter the mesoglob-
ule formation process to weaken the resulting hydrogel.
This hypothesis is also consistent with the observation that
magnetization time is the most important parameter in deter-
mining the hydrogel modulus (“Time-dependent magnetic
field effects”), as prior works demonstrate that field-induced
changes in solvent properties are strongly time-dependent
(Sronsrietal.2021; Liuand Cao 2021; Cai et al. 2009; Holysz
et al. 2007). We previously showed that B fields marginally
worsen solvent quality and reduce the hydrophobic hydration
around the PNIPAM isopropyl groups (Neal et al. 2023a).
Hydrophobic hydration is thought to play a crucial role in
the aggregation of polymer chains into mesoglobules, and
any disruptions or enhancement to hydrophobic hydration
can influence the mesoglobule size, density and surface
properties (Bischofberger et al. 2014; Bischofberger and
Trappe 2015). Specifically, significantly larger mesoglob-

ules are expected when the hydrophobic groups are well
hydrated (Niebuur et al. 2019a,b); thus conversely, smaller
mesoglobules would be expected when hydrophobic hydra-
tion worsens. This reduction in mesoglobule size with
magnetization is at least plausible based on DLS measure-
ments in dilute PNIPAM solutions (Sec. SI1.20).

A change in mesoglobule size only cannot account for
the observed changes in rheological behavior. For example,
if B fields caused formation of smaller mesoglobules with
fewer chains per globule but the mesoglobule composition
remained the same (i.e., same ratio of polymer and water),
more total mesoglobules would form in solution, leading to
a smaller network mesh size and consequently, a stronger
— not weaker — hydrogel modulus. However, a change in
both the mesoglobule size and composition — specifically
that magnetization creates less watery mesoglobules — could
account for all of the changes observed with B fields, and
is also supported by prior work. Increasing the temperature
ramp rate or quench depth leads to the formation of smaller,
denser mesoglobules with less water (Niebuur et al. 2019a;
Balu et al. 2007; Gorelov et al. 1997), because the ther-
modynamic driving force for phase separation is stronger.
Additionally, during the mesoglobule formation process at
0 T, hydrophobic hydration layers surround isolated, dehy-
drated PNIPAM chains which are thermodynamically driven
to cluster into mesoglobules (Tanaka 1993, 1992). Disruption
of these hydrophobic hydration layers by B fields may thus
increase the affinity for PNIPAM mesoglobules to form with
lower hydration than non-magnetized mesoglobules. Based
on this evidence and that magnetization marginally wors-
ens solvent quality and reduces hydrophobic hydration (Neal
et al. 2023a), the mesoglobules formed following magneti-
zation would likely also be less watery.

This proposed change in mesoglobule size and water con-
tent is consistent with all of the general observations from
the rheology. For example, smaller mesoglobules with less
water would lead to a smaller overall mesoglobule volume
fraction in solution, reducing the achievable G/, ,,. Addi-
tionally, T, ~would also likely decrease with formation of
smaller, less watery mesoglobules, due to the smaller total
mesoglobule volume fraction in solution. The fact that solu-
tions with lower polymer content (Fig. 6) exhibitlower T5r
supports this hypothesis. Additionally, as network forma-
tion is a diffusion-limited process (Van Durme et al. 2004;
Papadakis et al. 2024; Osvath and Ivan 2017; Shangguan et al.
2014), these smaller mesoglobules can diffuse faster than
their larger, non-magnetized counterparts — which could
also explain the decrease in 7/ with field intensity. Finally,
although higher polymer contents appeared to reduce the
ability of B fields to lower G}, the reduction in Tgr  was
actually larger with higher polymer content (Sec. SI.23).
This apparently anomalous trend can also be reconciled by
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the formation of smaller, less watery mesoglobules. As afore-
mentioned, complete water liberation occurs prior to Tgr
for higher concentration PNIPAM solutions (Fig. S46); this
delayed loss of network connectivity likely occurs because
at higher polymer contents, some liberated water is trapped
within the mesoglobule and the mesoglobule retains a larger
size (Niebuur et al. 2019b; Philipp et al. 2014; Ramon et al.
2001). Thus if magnetized mesoglobules form with substan-
tially less water and this water cannot be trapped at higher
polymer contents, the difference in 7/ between 0 T and
magnetized solutions would increase.

Finally, the suggested alteration in both the size and water
content of the magnetized mesoglobules is consistent with
the comparable rheological behavior for solutions exposed
to varying magnetic field strengths during formation. During
the initial stages of the phase transition in PNIPAM solutions
at 0 T, mostly solvated PNIPAM chains locally concentrate
into proto-mesoglobules (Niebuur et al. 2019a). Here, small
angle neutron scattering confirmed that these watery, loosely
packed aggregates form initially, regardless of quench depth.
These SANS measurements thus support the observation that
the initial mesoglobule formation process and initial rheo-
logical transition are nearly independent of field application
(“Impact of polymer concentration on hydrogel formation in
B fields™).

As is the case for other polymer properties, increasing
polymer content (¢,,) and increasing molecular weight (M,,)
show similar field-induced effects, where B fields appear to
reduce the hydrogel modulus less at higher polymer con-
tent (Fig. S47) or molecular weight (Fig. S51). This reduced
weakening effect at higher ¢, and M,, supports the hypoth-
esis that B fields primarily reduce the total volume fraction
of mesoglobules in solution. At higher ¢, or M,, physical
stabilizing interactions — including entanglements between
mesoglobules or the formation of a “pearl-necklace” struc-
ture — are more prevalent (Yanase et al. 2020; Chuang et al.
2000; Wang et al. 2022). As a result, this increased physical
connectivity between globules at higher ¢, or M,, could off-
set the field-induced reduction in total mesoglobule volume.
This hypothesis is consistent with results at the highest poly-
mer M,, (P314), where no change in hydrogel modulus with
magnetization is observed at 7.5% P314 (Sec. S1.29). As this
particular P314 polymer has a high dispersity (P= 3.03), a
significant number of entanglements are present in solution at
this concentration — further supporting that the impact of B
fields is reduced as physical interactions in solution become
dominant.

Other possible explanations for the observed B field-
induced rheological behavior include a change in the inter-
particle attractions or long-range repulsions between mesogl-
obules with magnetization. Minami et al. found that suspen-
sions of PNIPAM microgel particles — which are structurally
and rheologically similar to the suspensions of mesoglob-
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ules formed here (Ikeda et al. 2013; Pellet and Cloitre 2016;
Scotti et al. 2020) — required the inter-particle charge repul-
sion to be suppressed for gelation to proceed (Minami et al.
2020). Thus if the B field promoted stronger inter-particle
repulsions or weakened inter-globule attractions at higher
temperatures, the resulting hydrogel modulus could be weak-
ened. Based on Derjaguin, Landau, Verwey and Overbeek
(DLVO) theory, the strength of the stabilizing repulsive inter-
actions between PNIPAM mesoglobules depends upon the
dielectric constant of the solvent. Pang and Deng (2008b)
previously showed that B fields can increase the dielectric
constant of water — potentially increasing the Debye screen-
ing length of PNIPAM mesoglobules and promoting stronger
inter-particle repulsions. While possible, this explanation for
B-induced hydrogel weakening is less plausible given that
the initial rheological transition is nearly identical across
field intensities for all examined polymer solutions — and
changes in the inter-particle repulsions would likely alter
this initial mesoglobule formation process and rheological
transition (Neal et al. 2023b). Additionally, while weakened
inter-globule attractions at higher temperatures would reduce
Gl.ax» B fields have previously been shown to worsen sol-
vent quality (Neal et al. 2023a; Vshivkov et al. 2017) —
which should increase, not decrease, the strength of the
inter-particle attractions at elevated temperatures. Thus the
totality of the results herein — combined with evidence from
prior work — suggest that magnetic fields weaken PNIPAM
hydrogel formation by reducing the size and water content
of magnetized mesoglobules.

Conclusion

The application of magnetic (B) fields during hydrogel for-
mation in semi-dilute solutions (5-20% (w/w)) of thermore-
sponsive poly(N-isopropylacrylamide) (PNIPAM) weakens
the resulting hydrogel strength in nearly all cases — except
for in high molecular weight and dispersity PNIPAM (314
kDa, D~ 3.03). While B fields do not appear to significantly
affect the initial steps of PNIPAM dehydration and aggre-
gation as examined via oscillatory rheological temperature
ramps, B fields hinder the formation of strong mesoglob-
ule networks, resulting in much weaker hydrogels compared
to those formed without B fields. Moreover, B fields can
lower the maximum gelation temperature (7g; ) of 10%
P59 considerably, up to 4.6 °C for field strengths of 0.6
T. This unusual magnetic field-induced hydrogel weakening
strongly depends on magnetization time, with higher tem-
perature ramp rates (shorter magnetization times) reducing
the impact of the B field. While increasing temperature ramp
rate appeared to reduce the magnetically induced weaken-
ing of 10% P59 hydrogels, pre-magnetization revealed that
total time exposed to magnetic fields — rather than tempera-
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ture ramp rate explicitly — is the most important parameter
dictating the degree of hydrogel weakening.

The influence of B fields on PNIPAM gelation is also per-
sistent across a range of polymer concentrations. Throughout
the semi-dilute regime, B fields weaken the formation
of mesoglobule networks and diminish the strength of
physical hydrogels. Oscillatory amplitude sweeps reveal a
two-step yielding mechanism characteristic of attractive-
driven glasses (ADGs). These measurements confirm that
the stresses corresponding to the breakage of both inter-
mesoglobule linkages and caging restrictions decrease with
field intensity. Further, the strain corresponding to the
breakup of mesoglobule cages decreases with increasing field
strength, suggesting a decrease in the length-scale of such
restrictions. We propose that these changes in the hydro-
gel linear and nonlinear rheology are due to a field-induced
reduction in the mesoglobule volume fraction. Specifically,
based on the totality of the results and prior work, we propose
that magnetic fields reduce both the PNIPAM mesoglob-
ule size and water content — reducing both the hydrogel
maximum modulus and temperature at which this maximum
occurs. This study reveals that magnetic fields applied to dia-
magnetic polymer solutions have under-studied and profound
impacts on macroscopic properties, unlocking new methods
of directed assembly and polymer processing techniques.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00397-024-01454-
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