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Abstract

Magnetic field processing is promising for directing and enhancing self-assembly of dia-
magnetic block copolymers (BCPs) via domain alignment, but is typically limited to high field
strengths and few polymer chemistries. Herein, a novel magnetic field-induced ordering mech-
anism distinct from domain alignment is demonstrated in aqueous, spherical BCP micelles.
Here, low-intensity magnetic fields (B < 0.5 T) induce an anomalous disorder-to-order tran-
sition, accompanied by a several order-of-magnitude increase in shear modulus— effectively

transforming a low viscosity liquid into an ordered soft solid. The induced moduli are orders
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of magnitude larger than those resulting from thermally-induced ordering. Further magnetiza-
tion induces cubic-to-cylinder order-to-order transitions. Comprehensive characterization via
magnetorheology, small- and wide-angle X-ray scattering, differential scanning calorimetry,
and vibrational spectroscopy reveals a significant reduction in micelle size and aggregation
number relative to zero-field temperature- or concentration-induced ordering, suggesting that
B-fields strongly alter polymer-solvent interactions. This extraordinary BCP ordering strategy
enables discovery of structures and d-spacings inaccessible via traditional processing routes,
thus providing a new platform for developing advanced materials with precisely-controlled

features.

Introduction

Amphiphilic block copolymers (BCPs) are attractive for designing functional materials, as their
self-assembly and properties are tunable via amphiphile chemistry, composition, shape, and chain
length. Analogous to small-molecule surfactant lyotropic liquid crystals (LCs), aqueous BCPs self-
assemble into domains of spherical, cylindrical and lamellar packings. These chemically diverse
soft materials offer exceptional advances in applications ranging from templates for nanomateri-
als synthesis, "> drug delivery devices,? selective transport membranes,*> lithography® and infor-
mation storage media.”® However, reliable methods for processing BCPs with controlled phase

dimensions, grain size, and orientation remain challenging, limiting their practical utility. Exter-
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nal field processing, including shear,”"" electric fields and magnetic fields, offers diverse
routes to control the organization of soft materials at the molecular and mesoscopic level. En-
hanced grain size and orientation can be achieved by shear and electric fields, but these methods
challenge the stability of polymer matrices.!”! Electric field processing is typically limited to a
few polymer chemistries, thin samples, and high field intensities. !3! Alternatively, magnetic fields
are non-damaging and can be applied over long length scales?? and in complex geometries.??

Magnetic field-directed assembly of soft materials to date has focused on controlling domain

alignment (Scheme 1), via aligning anisotropic mesostructures like rods or lamellae, enhancing or-



dering of lamellar (lam) or hexagonal (cyl) phases, and tuning phase orientation angle via organic
additives or rotational annealing. '2*2° Near phase boundaries, this domain alignment can cause
minor changes in the order-to-order transition (OOT) or order-to-disorder transition (ODT) tem-
peratures. '* Additionally, disorder-to-order (DOT) transitions to aligned diamagnetic BCP phases
like ¢yl and lam can be induced by adding magnetite nanoparticles and processing both thermally
and magnetically.?” For axis-symmetric diamagnetic materials like most polymers and surfactants,
the driving force for domain alignment is the magnetostatic energy originating from anisotropy in
the magnetic susceptibility, Ay.?® In BCPs, Ay can arise from a difference in y between blocks A
and B (x4 # x5), or from collective anisotropic magnetic susceptibilities of chains in an anisotropic
BCP domain, taken along and perpendicular to the axis of highest rotational symmetry (y; # x.).>

For magnetic field alignment, the orientation-dependent contribution to the magnetostatic en-
ergy must exceed thermal energy:3*>* ~AyB?V, /2u > kpT (Eq. 1), where B is the magnetic flux
density, uo is the permeability of free space, and V, is the grain volume. While a wide array of soft,
polymeric, and biological materials have been aligned in B-fields,!>!63433 this technique is chal-
lenging to employ as many soft materials have low Ay. Thus, magnetic field alignment of diamag-
netic BCPs typically requires large field strengths, 3142836 addition of LC,'¢ semi-crystalline, >
or rod-like blocks, 1314162831 sybstantial chain anisotropy,?® or combinations thereof. 3

Here, we present a novel magnetic field-induced ordering mechanism — distinct from domain
alignment — in diamagnetic, geometrically-isotropic spherical BCP micelles (y; = y.) with poor
chain susceptibility contrast (y4 = x) formed from triblock copolymers composed of polyethy-
lene oxide (PEO) endblocks and a polypropylene oxide (PPO) midblock (Scheme 1). Previously,
field-induced alignment of spherical particles into anisotropic, chain-like structures has only been
observed in ferro- and paramagnetic particles, due to dipole alignment. Here, however, ordered
soft solids form rapidly upon application of weak magnetic fields (B< 0.5 T) to low viscosity
solutions of randomly-distributed micelles in the fluid state far from known phase boundaries, re-
sulting in up to a six-order of magnitude increase in the dynamic moduli that persists upon field

removal. As initial micelles are disordered and isotropic, and the anisotropic magnetic suscepti-



bilities of individual chains in the micelle collectively average to zero, domain alignment is not
the primary driver of this induced ordering. However, this B-induced phase creation yields or-
dered phases classically observed with increasing temperature or concentration, suggesting that
low-intensity magnetic fields primarily modify polymer-solvent interactions, which in turn alter
self-assembly. Systematic evaluation of the initial DOT and subsequent OOTs via magnetorheol-
ogy (MR), small- and wide-angle X-ray scattering (SAXS/WAXS), differential scanning calorime-
try (DSC), and vibrational spectroscopy strongly supports this hypothesis, revealing significant
enhancement in the mechanical properties and a reduction in micelle aggregation number relative
to zero-field temperature- or concentration-induced ordering. This novel assembly mechanism re-
veals how magnetic fields can be harnessed to control polymer conformation, self-assembly, and
ordering via mechanisms distinct from field-induced alignment, providing a promising route for

rationally designing advanced materials.
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Scheme 1: Magnetic field (B)-induced material responses. (L) Prior work on diamagnetic materi-
als involves alignment of anisotropic constituents (wormlike micelles, liquid crystals) and phases
(lamellae, cylinders); isotropic paramagnetic particles can form chains due to B-induced dipole
alignment. (R) In contrast, this work demonstrates B-induced ordering in diamagnetic, isotropic
building blocks into both isotropic and aligned phases.

Materials and Methods
Materials

Magnetically-induced ordering transitions were examined in triblock polymers known as polox-

amers, of the architecture poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
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PPO-PEO). The primary experiments were conducted on poloxamer 333 (P333) and poloxamer
335 (P335), with supplementary experiments performed on poloxamer 407 (P407). Poloxamer
number-average molecular weights, M, ranged from 5 to 12.6 kDa (see Section S2.2 for size ex-
clusion chromatography) with PEO weight fractions from xpgp = 0.3 to 0.7 (see NMR analysis in
Section S2.1). For P333, M,, ~ 5 kDa and wpgp =~ 0.3; for P335, M,, ~ 6.5 kDa and wpgo ~ 0.5;
for P407, M,, ~ 12.6 kDa and wpgp ~ 0.7.

All materials were used as received. P333 and P335 were obtained from BASF and P407 from
Sigma-Aldrich. PEO (M, = 3.4 kDa), PPO (M, = 4 kDa), and deuterium oxide (99.9%) were
purchased from Sigma-Aldrich. Polymer solutions were prepared at 20% wt in HPLC-grade water
in clean glass vials. To dissolve the polymer in water, samples were refrigerated on a shaker at 4 °C
for 2 days. Samples were mixed again at room temperature by vortexing prior to each experiment.
A similar procedure was followed for samples in deuterium oxide (D,0), which was done for small

angle neutron scattering (SANS).

Rheometry

Zero-field rheology and magnetorheology measurements were performed on an Anton Paar MCR
702 rheometer using a 20 mm parallel plate geometry. For all oscillatory time sweeps, the material
response was monitored at 20 °C and a 1 rad-s! frequency and an amplitude of 0.5%, which is at
or near the linear viscoelastic regime.

Magnetorheology: MR was performed using the Anton Paar magneto-rheological device (MRD);
for additional details on the MRD setup and protocols, see Section S1.1. Briefly, this device con-
sists of an electro-magnet located under the bottom plate and a magnetic yolk which encloses the
geometry. A Teslameter (Magnet-Physik FH54) combined with Hall probe, fitted below the inset
plate, measured the magnetic flux density, B, acting on the sample. The gap between the measuring
plates was fixed at 1 mm and was unaffected by the applied field. Temperature control was main-
tained via coolant (ethylene glycol-water 50:50 mixture) circulation, and manipulated through a

programmable controller (Omega, Stamford, CT). Extensive calibrations were done to counteract



inductive heating from the electromagnet, which are detailed further in Section S1.1 and Ref. 39.

For each experiment, a fixed volume (0.8 mL) of cold sample was loaded onto the inset plate.
After the upper plate reached the operating gap, the plates were covered with the MRD yoke,
and the sample was allowed to equilibrate for ten minutes prior to initiating time sweeps. For
each poloxamer, time sweeps for a control at 0 T were measured for the same duration as the
magnetization time to confirm that no change in the rheological properties occurred.

Zero-field rheology: In this article, ‘zero-field’ refers to measurements performed without ap-
plied magnetic field, i.e., at 0 T. To determine the zero-field rheological behavior of each polox-
amer, oscillatory time sweeps at 20 °C and oscillatory temperature ramps were performed. Oscilla-
tory time sweep controls were performed using the same setup, geometry, and temperature control
for MR, as described above. Oscillatory temperature ramps were performed using the same paral-
lel plate geometry, but temperature was instead controlled using the Anton Paar H-PTD200 Peltier
device affixed with an evaporation blocker. Temperature was increased from 5 °C to at least 55 °C
at a heating rate of 1 °C-min’'. Samples were equilibrated at 5 °C for 10 minutes prior to tempera-
ture ramp experiments. The material response was monitored at 1 rad-s! frequency and at constant

amplitude of 0.5%.

Small angle x-ray scattering (SAXS)

Lab source SAXS was performed at the Characterization Facility, University of Minnesota using
a SAXSLAB Ganesha 300XL instrument. Cu Ka x-rays (4 = 1.54 A) generated by a Xenocs
Geni3DX source were collimated through 2 sets of 4-bladed slits (JJ X-ray, A/S). 2D-SAXS pat-
terns were acquired using a EIGER R 1M Dectris detector (7.72 cm X 7.99 cm rectangular area)
with 1030 x 1065 pixels (75 um X 75 um pixel size) at a sample-to-detector distance of 46.8 cm
and a wave vector, ¢, covering ¢ = 0.02 — 0.7 A~'. SAXS diffractograms were calibrated using
a silver behenate standard with d-spacing of 58.38 A. All 2D-SAXS patterns were azimuthally-
integrated to obtain the 1D scattering intensity, using the DataSqueeze software. The 1D scattering

intensities were analyzed using customized Igor Pro procedure files and SASfit software. The



micelle radius, R;, in cubic ordered phases was estimated as half the nearest neighbor distance.
Details about the core-shell fitting routine for SAXS and SANS data can be found in references
40- 41, and are summarized in Section S9.1.

Small angle x-ray scattering (SAXS) acquisition on magnetized poloxamers was started within
30 minutes of ending MR experiments. Experiments were performed at ambient conditions to
minimally disrupt the induced microstructure, 7 = 22 + 1 ° C. Samples were collected from the
rheometer and subsequently sealed between two Kapton sheets with an o-ring in sample holders.
Sample holders were then mounted within an evacuated sample chamber at ambient conditions. As
samples often required long magnetization times and had to be measured immediately following
MR, most SAXS measurements had to be performed in-house vs. at a synchrotron facility. For

additional details regarding the in-house SAXS set up and supplemental data, see Section S1.4.

Fourier-transform infrared (FTIR) spectroscopy

FTIR spectra were measured using a Thermo Nicolet 6700 spectrometer with a diamond crystal
in attenuated total reflection (ATR) mode with 0.964 cm™ resolution from 840 cm™ to 4000 cm!;
64 scans were obtained for each spectrum. IR spectra were baseline corrected using a 5 factor
polynomial fit through the ThermoFisher OMNIC software. Measurements were performed un-
der vacuum to eliminate minor spectral contributions due to residual water vapor; a smoothing
correction for atmospheric water background was performed. FTIR was performed immediately
following magnetization at 0.5 T at 20 °C. For details about FTIR deconvolution and analysis, see

Section S7.1.

Results

Magnetic field induces anomalous disorder-to-cubic transition in P335

When exposed to low-intensity magnetic fields at 20 °C, aqueous solutions of the PEO-PPO-PEO

triblock poloxamer P335 (20% wt) exhibit an anomalous disorder-to-order phase transition (DOT),



detected in magnetorheology via a four-orders of magnitude increase in the dynamic moduli, G’
and G” (Fig. 1). Poloxamer 335 has a PEO weight fraction, wpgg, of ~50% and a number-average
molecular weight, M, p33s, of 6.5 kDa (Figs. S1-S3). The classic field-induced domain align-
ment mechanism for diamagnetic block copolymers (BCPs) (Scheme 1) is insufficient to explain
this transition given the low field intensity and low magnetic susceptibility anisotropy associated
with this system (Eq. 1). Here, volume magnetic susceptibilities of the individual blocks are
similar (ypro =—8.8:107°, yppo = —8.6 - 107°), resulting in a low chain susceptibility anisotropy
(Axy ~ 1071° Section S3.5), and Ay of the disordered micelle phase averages to approximately
zero due to the spherical shape (Fig. 1a). Further, superconducting quantum interference device
(SQUID), vibrating sample magnetometer (VSM), and inductively coupled plasma-optical emis-
sion spectrometry (ICP-OES) measurements confirm that poloxamer solutions are diamagnetic,
and free of impurities with high magnetic susceptibility (Figs. 1b, S3, S9); see Section S1 for
Methods. Magnetic hysteresis loops of aqueous poloxamers exhibit no net magnetic hysteresis and
a negative slope in the magnetic moment vs. magnetic flux density (B) yielding a small negative
magnetic susceptibility, characteristic of diamagnetism (Fig. 1b). The magnetically-induced or-
dering transition described within is also robust to salt impurities (Fig. S4), polymer batch-to-batch
variation (Fig. S5), and homopolymer and diblock impurities (Figs. S7, S8).

Small-angle X-ray scattering (SAXS) confirms that at ambient conditions prior to MR, these
P335 solutions consist of disordered (dis), spherical micelles (Fig. 1d), as indicated by the two
broad peaks in the 2D pattern. SAXS fits using a spherical core-shell form factor and hard sphere

structure factor, as typically done for poloxamer micelles, **4+>47

indicate that prior to magnetiza-
tion, P335 micelles have a total radius, R, of 69.7 + 0.6 A, consisting of a largely insoluble PPO
core and PEO corona. These micelles coexist in solution with ~32% unimers at 20 °C, determined
by differential scanning calorimetry (DSC, Fig. S26b). With increasing temperature, the DSC
heat flow trace exhibits a single, broad endothermic peak — corresponding to the caloric penalty

for removing PPO groups from solution when unimers are added to micelles.***® Thus at 20 °C

prior to magnetization, the micelles are small enough and the unimer fraction is large enough that



adjacent micelles do not overlap, leading to the low observed complex viscosity, 77*.%’
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Figure 1: Anomalous phase formation in aqueous 20% wt PEO-PPO-PEO poloxamer 335. a)
Poloxamer chemical and spherical micelle structure; the magnetic susceptibility anisotropy Ay is
~(0 based on the difference between PEO (A) and PPO (B) blocks, Ay cx4in,» and the spherical micelle
shape, Axaomain- b) P335 magnetic moment vs. B indicates weak diamagnetism. c¢) Oscillatory
magnetorheology of P335 (red, 0.5 T, 20 °C) reveals a rapid increase in G’ and G” following a
critical magnetization time #,, which corresponds to a disordered micelle (dis)-to-face centered
cubic (fcc) ordering transition (d). 1D intensities for the 2D patterns in (d) are in Fig. 2.

Oscillatory rheological time sweeps of P335 solutions at 0.5 T detect a transition from a low
viscosity liquid (7 ~ 1072 Pa-s) to an ordered soft solid following a critical magnetization time,
t., of t. = 20 = 4 min (Figs. 1c, S11a). Following this critical time, the dynamic moduli of 20%
P335 rapidly increase with further magnetization (Fig. 1¢). This large increase in the storage and
loss moduli, G’ and G”, corresponds to a disorder-to-cubic transition, detected in SAXS via the
appearance of Bragg peaks at characteristic ¢g/g*-positions in the 2D pattern (Fig. 1d), where ¢ is
the wave vector and ¢~ is the primary peak wave vector. Frequency sweeps following magnetization
demonstrate that the field-induced modulus is enhanced across the frequency spectrum (Fig. S13)
and that G’ is nearly frequency-independent, confirming formation of a solid-like micelle packing.
Corresponding controls at zero-field show no increase in modulus over many hours (Fig. 1c¢).

Complementary wide-angle X-ray scattering (WAXS) on magnetized poloxamers confirms that

the observed changes in self-assembly and ordering are not due to field-induced crystallization or
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crystallization-assisted self-assembly (Section S5). However interestingly, MR on PEO or PPO
homopolymer solutions indicates that both blocks exhibit significant field-induced responses under
the appropriate solution conditions — i.e. only when the homopolymer is solubilized (Fig. S14) —
suggesting that changes in polymer-solvent interactions are critical to observing these effects.*!
Notably, B-induced responses in both homopolymers are due to field-induced crystallization (Figs.
S14, S15) and require long magnetization times (#,,, > 20 h). This evidence suggests that while

changes in polymer-solvent interactions are crucial to both mechanisms, B-induced responses in

homopolymers occur via a mechanism distinct from the B-induced ordering in poloxamers.

Ordering induced via magnetic fields vs. temperature or concentration change

Moderately concentrated poloxamers undergo thermally-induced DOT's upon increasing tempera-
ture, following the addition of unimers into micelles as the PPO midblock becomes increasingly in-
soluble. *3%+->2 Temperature ramps on 20% P335 solutions at zero-field demonstrate that thermally-
induced rheological transition occurs at a temperature of 50 + 0.4 °C (Fig. 2a), ~30 °C higher
than the MR temperature, 7T,,,. This significant difference in the thermal vs. magnetic ordering
temperatures confirms that the B-induced transition at 20 °C is well-separated from the thermally-
induced DOT. The zero-field temperature 7' vs. P335 concentration, ¢,, phase diagram compiled
from experimental data of ours and others>*~* (Fig. 2b) indicates that in the absence of an applied
magnetic field, a DOT can be induced in P335 solutions by increasing the temperature or increas-
ing the P335 content. Corresponding SAXS traces confirm a disorder-to-cubic transition at 0 T by
increasing temperature or P335 content, shown at both 55 °C and 40% wt P335 (0 T) in Fig. 2c.
Analysis of the lattice parameters, a, obtained by each ordering mechanism indicates that the
B field induces ordering via changes to micelle assembly and packing distinct from those obtained
when ordering is induced at O T by increasing either T or ¢, (Fig. 2¢). Following 3 h of magneti-
zation, P335 micelles arrange into a face-centered cubic (fcc) packing, indicated by Bragg peaks
in the 1D SAXS traces at g/q* = 1, V4/3, V8/3, V11/3, 2, and V16/3 which correspond to the
(111), (200), (220), (311), (222) and (400) crystallographic planes, respectively (red trace, Fig.

10



2¢). Here, the P335 micelle radius, R;, is estimated as half the nearest neighbor distance between
micelles on the fcc lattice, yielding R, = 75.4 + 0.4 A (for uncertainty determination, see Section
S9.2). This large increase in R, relative to the disordered micelle size before magnetization (69.7 +
0.6 A; black trace, Fig. 2¢) strongly supports the hypothesis that the B field removes free unimers

from solution, adding them to micelles to increase R, and the micelle aggregation number, N,,.
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Figure 2: (a) Temperature-dependent rheology for P335 at O T indicates a transition near 50 °C,
far above Tyg (20 °C). The red dashed line shows G’,, the G’ reached at 3 h of magnetization at
0.5T, from Fig 1c. (b) Phase diagram, T vs. P335 % wt at 0 T (Section S9, Refs. 53,54). (c)
P335 1D SAXS traces, indicating dis before (20% wt, black; fit in green) and fcc-packed micelles
after 3 h magnetization (0.5 T, red; v indicate crystal planes). The fcc lattice parameter, a, of
magnetized micelles is identical to a for a 40% wt control (O T, purple) and is smaller than a for
a T-ordered sample (20% wt, 0 T, 55 °C, blue; Table S17). (d) Full wavenumber range and (e)
primary water peak (4000—2500 cm™!) FTIR spectra of samples in (c) indicate substantial changes
in peak intensity and wavenumber (dotted lines) with B. (f) Representative 5-mode deconvolution
fit (dashed blue) of primary water peak data (black) into H-bonding modes; see Section S7.

Increasing the temperature of 20% P335 solutions at zero-field above ~50 °C also results in an
ordered fcc packing; however, compared to the B-induced transition, the Bragg peaks in the 1D
SAXS traces at 55 °C are shifted to lower g-values. This decrease in g* indicates a larger d-spacing

and micelle size, R, =77.9 £ 0.3 A, via thermally-induced ordering relative to B-induced ordering

(R, =754 + 0.4 A). This finding suggests that although B-field application increases R; and N,
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thermally-induced ordering proceeds with fewer micelles of larger R, and N,,, (see Section S9.7
for calculations and assumptions). The maximum storage modulus obtained due to magnetization,
G, 18 25-fold greater than that obtained by thermally-induced ordering, G%. (28 kPa vs. 1.1 kPa,
respectively; Fig. 2a). The smaller lattice dimension for the B-induced transition likely accounts
for some of the G’ enhancement, as G’ for cubic packings scales inversely with microdomain
spacing in BCPs.% Note that following complete removal of unimers from solution, a significant
change in a due to thermal expansion is not anticipated in poloxamers.*!

Doubling the P335 concentration to 40% wt at zero-field also results in fcc-packed micelles;
however remarkably, the lattice dimensions and micelle radius are identical for 20% P335 magne-
tized at 0.5 T (Fig. 2c, red trace) and 40% P335 at O T (Fig. 2c, purple trace; Table S14). Here,
R =754+04A - indicating that despite doubling the polymer content, the same number of
micelles per volume are in both solutions. This finding strongly suggests that N, is lower and the
interfacial area per chain a, increases for the B-induced ordered material relative to that formed
by increasing P335 content (Section S9.7). As R, and N,,, are determined by a balance of core
chain stretching vs. a, minimization,*~%%’ this comparison also suggests that the magnetic field
significantly alters interactions between P335 and the solvent to facilitate ordering.

Fourier transform infrared spectroscopy (FTIR) on P335 solutions strongly supports that polymer-
solvent interactions change due to magnetization (Fig. 2d, e), reflected in changes in the stretching
and bending modes of water (peaks centered at 3345 and 1640 cm™!) and PEO (2800-3000 and
1000-1530 cm™!). Relative to the disordered, non-magnetized P335 solution (black trace, Fig. 2d),
FTIR spectra for ordered P335 solutions — magnetized 20% P335 (red), thermally-ordered 20%
P335 (blue), and 40% P335 (purple) — all exhibit a decrease in intensity for peaks associated with
water at 3345 and 1640 cm™', consistent with dehydration of the micelle corona upon ordering.>®
While the major water peak of these three solutions shows a significant blue shift as compared to
the 20% wt, 0 T control (vertical lines, Fig. 2e), the magnetized sample has the largest shift (3363
cm! to 3387 cm™!). The extent of this blue shift corresponds to corona dehydration, %" further

suggesting that B fields more strongly impact polymer-solvent interactions than increasing 7.
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As corona dehydration is closely connected to water confinement and water bonding, the

primary water OH stretching peak at ~3345 cm™!

was deconvoluted based on hydrogen bond-
ing modes (Fig. 2f), as is commonly done in aqueous systems.’® %2 Here, a sum of Gaussian
distributions (commonly between 3 and 6) represents major H-bonding populations, generally dis-
tinguished by the number of donor and acceptor electron pairs or coordination number (see Sec-
tion S7). To ensure robustness, both a three and five Gaussian deconvolution were performed
(Section S7.3); for simplicity, results across methods are discussed based on percentages of three
general H-bonding populations. Here, highly-coordinated or “network" water is highly structured
but transient, with primarily tetrahedrally-coordinated water molecules breaking and reforming
long-range networks.> Low-coordinated or “free” water includes small clusters of one to three
water molecules with few or no hydrogen bonds.®! Finally, intermediate-coordinated water exists
between these two populations in terms of both number of bonds and cluster size.

Regardless of stimuli — temperature, concentration, or B field — ordered samples contain much
less network water and more intermediate water than the disordered control (Figs. S25, S24; Ta-
bles S8, S10). This result is consistent with prior findings that incorporating unimers into micelles
confines water, disrupting large network water clusters thereby increasing intermediate water con-
tent.> Interestingly, a larger reduction in network water occurs for the B-induced vs. T-induced
soft solid. High-entropy, low-coordinated water molecules comprise the smallest population for
all samples. The low-coordinated water content decreases upon ordering with T or ¢,; however
surprisingly, B-induced ordered soft solids have a similar or higher free water content vs. the dis-
ordered control (Tables S8, S10). This analysis is consistent with prior findings suggesting that

magnetizing water produces smaller, less-coordinated hydrogen bonding clusters. %63

Spherical P333 micelles transform into ordered cylinders in B fields

Comprehensive characterization of the B-induced DOT in P335 demonstrated that B-fields alter
the micelle aggregation number, N, and per-chain interfacial area relative to the zero-field T-

or ¢,-induced DOT, suggesting that this unusual phenomenon is related to B-induced changes in
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polymer-solvent interactions. To examine the universality of this behavior, a second amphiphile,
poloxamer 333, was examined (Fig. 3). Poloxamer 333 has a PEO weight fraction, wpgo, of ~30%
and M, p333 of 5 kDa. P333 has the same PPO midblock molecular weight as P335 and exhibits
a similar thermally-induced transition based on zero-field rheology (Fig. S28). Importantly, DSC
indicates that the caloric penalty for removing the remaining PPO groups from solution above 20
°C is identical in both P333 and P335 (Section S8, Table S11), i.e., the enthalpy of micellization
above 20 °C is identical. Given these similarities, if the field is simply facilitating removal of
remaining unimer chains from solution, the transition process and changes in N,,, will be similar
between these two poloxamers; otherwise, this comparison will unveil more complex behavior.

Similar to P335, P333 displays a distinct B-induced DOT after a critical induction time. How-
ever for P333, 7. is much longer, 37 + 5 min (Fig. 3a, S11b). SAXS after three hours of magne-
tization reveals body-centered cubic (bcc) packed spherical micelles coexisting with hexagonally-
packed cylinders (cyl) (Figs. 3b), in contrast to the fcc packing observed in P335. The weak cyl
Bragg peaks after 3 h magnetization become more pronounced with longer t,,,, (Fig. S38).

Remarkably, B field application appears to significantly decrease the P333 micelle radius and
Ny, upon ordering —in contrast to P335 where both R, and N, increase. Here, disordered micelles
prior to magnetization have radii of R, =70.2 + 1.0 A whereas R, = 66.3 + 0.5 A in the bee ordered
material (Tables S12, S18). Note that the disordered micelle size at O T for a higher concentration
P333 solution (25% wt, Tables S12-S13) is substantially larger than the R, of the P333 bcc-packed
micelles under applied B-fields — suggesting that B-field decreases R, and N, relative to increasing
polymer concentration. This control also confirms that this B-induced change in micelle size is not
simply due to experiment artifacts like sample drying.

Similar to P335, the B- and T-induced transitions are well-separated (Fig. 3c), where 77~48
°C. Despite that G is nearly four-fold larger in P335 than in P333, the modulus enhancement
with magnetization is much greater in P333 — with G, nearly 700-fold larger than G’. (7.7 kPa
vs. 11 Pa, respectively). This difference in modulus enhancement is likely due to differences in

how the magnetic vs. thermal transitions proceed in P333 vs. P335. Both ordering routes produce
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an fcc packing in 20% wt P335; however, magnetizing 20% wt P333 leads to a bcc packing
while increasing T leads to formation of disordered rods above ~35 °C and elongated micelles*
above ~48 °C (Fig. 3¢, d). The weak resulting modulus upon increasing 7 in 20% wt P333 leads
to greater modulus enhancement, as cubic phases are associated with higher moduli than rod or
cyl phases.>>%4%5 Rod formation is also observed in 25% and 30% wt P333 at high temperatures
(Section S9.8). As such, magnetizing 20% wt P333 produces ordered phases of spherical micelles

completely inaccessible via thermal routes (Fig. S29-S31).

~ O )

L e T

“‘« ?’-' '«\’é’.fgv.‘,'«.::cw-.w-

" S u’l@so "‘(L‘u'
e oo %

0o 1 ~5 3
t[h]

10 c F ‘
g > !
% — 0T

>

2 & [35%,0T
7 — \
° 2 [20%,05T & f N
\-/ I 7 \/\/\’\.I.\-
i 20%. 0T

. 0.05 01 015

T[°C] q[AT]

Figure 3: B-induced ordering in 20% wt P333. (a) Oscillatory MR (red, 0.5 T, 20 °C) shows that G’
and G” rapidly increase after 7., corresponding to a DOT. (b) SAXS following 3 h magnetization
reveals bcc / cyl phase coexistence. (c) T-dependent rheology (0 T) indicates a transition near
Ty = 48 °C, far above T,,,,; the sample becomes unstable above 55 °C. d) 1D SAXS intensities,
indicating dis before (20% wt, 0 T, black; fit in green) and bcc / cyl phase coexistence after 3 h
magnetization (red; 4 V¥ indicate crystal planes). Relative intensities of bcc and cyl Bragg peaks
for 20% wt magnetized P333 are similar to those of a 35% wt control (0 T, purple); dis cylindrical
micelles are observed with increasing 7' (20% wt, 0 T, 50 °C, blue); see Table S13.

As in P335, magnetized P333 exhibits the same phase behavior as higher concentration, zero-
field controls (Fig. 3d, Table S13). At zero-field, 35% wt and 40% wt P333 form coexisting

bcce /| cyl, whereas a bce packing is observed at 30% wt. The relative intensities of the bcc and
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cyl Bragg peaks for magnetized P333 are similar to those for zero-field 35% wt P333 (Fig. 3d).
Remarkably, the inter-cylinder spacing is smaller in magnetized 20% wt P333 (a=130 A) vs. in 0
T controls at 35% and 40% wt P333 (~134 A, Table S13). As mass conservation requires 20% wt
cylinders to exhibit a greater per-chain interfacial area (Section S9.7), low-intensity B fields afford

access to cyl packings inaccessible by increasing ¢,,.

Further magnetization leads to order-to-order transitions (OOTs)

The coexisting bce and cyl phases in P333 after three hours of magnetization suggest that B-
induced ordering may proceed by a multi-step mechanism, which may result from changing solvent
quality under applied field. We hypothesize this multi-step mechanism follows a path across the T
vs. ¢, phase diagram at zero-field (Figs. 2b, S28), similar to the previously described ‘trajectory

approach’, %67

where B-field may cause effects similar to increasing 7" (vertical trajectory on phase
diagram) or increasing ¢, (horizontal trajectory). To validate this multiple-step transition, P333
and P335 were magnetized for various times to map the phase transition pathways (Fig. 4).

P335 forms an fcc packing after three hours of magnetization (Figs. 4a, b), and similar fcc
packings result when P335 is magnetized for nearly four more hours (Fig. S36). Here, d-spacings
of the fcc phases formed after five magnetization times are remarkably consistent (R, = 75.5 +
0.4 A, Table S17). Interestingly, slightly longer magnetization times of nearly 7 h lead to clearly
coexisting fcc and cyl phases (Figs. 4b, S37). This phase coexistence does not persist, however, as
cyl phases with little to no cubic phase coexistence are observed for magnetization times between
7.5 h and 12 h (Figs. 4b, S36). The d-spacings for cyl phases formed at different magnetization
times are remarkably similar (Table S17). This comprehensive dataset strongly suggests that P335
indeed follows a multi-step trajectory in which disordered micelles transform into fcc packings
followed by a cubic-to-cylinder transition, over the course of 12 h of magnetization at 0.5 T. This
multi-step transition is similar to the sequence observed with increasing ¢, (horizontal trajectory)

on the 0 T phase diagram (Fig. 2b), where fcc packings are observed up until ~45% wt P335, and

cyl phases emerge at ~50% wt P335. A similar fcc — cyl transition has also been observed upon
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temperature elevation in another 50% wt PEO poloxamer known as P235.68
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Figure 4: Ordering transition pathways in P335 (a,b) and P333 (c,d). (a,c) Repeated MR yields
highly reproducible 7. and field-induced moduli, G;. Corresponding 2D SAXS patterns (a,c) and
1D intensities (b,d) for increasing f,,,, reveal a dis — fcc — cyl transition for P335 (a,b) and a dis
— bce — cyl transition for P333 (c,d). (d) After 2 h magnetization, the P333 induced phase rapidly
relaxes (red); however, a dramatically smaller disordered micelle size, similar to R, observed in the
bcc lattice at longer 1,,4,, persists — seen by the shift in both broad peaks to higher g-values.

This trajectory-like behavior is not unique to P335, as a similar multi-step transition is observed
in supplementary experiments on P407, which instead undergoes a dis-to- fcc transition, followed
by a fcc-to-bece transition (Section S6). Interestingly, the number of micelles per volume, n/V,
is not preserved during this fcc-to-bcc transition transition, changing ~20% (Section S6). This
increase in micelle number density in the bcc phase with further magnetization implies that the
B field makes the formation of smaller, lower N,,, micelles more thermodynamically favorable —
consistent with results from P335 and P333. These experiments also demonstrate that the induced
structure and increase in n/V are reversible after field removal, as P407 eventually relaxes from a
bcce packing back to the fcc packing of lower n/V.

Paired with the zero-field bcc-to-cyl transition observed with increasing P333 content, the
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bee [ cyl coexistence in P333 magnetized for 3 h suggests that this poloxamer undergoes a dis
— bcc — cyl transition over fairly short magnetization times (Fig. 4c¢, d). After 5 h magnetization,
cyl Bragg peaks become more prominent, although a clear bcc coexistence is observed. How-
ever, after 8 h magnetization, the bcc peaks largely vanish while the cyl peaks increase in intensity
relative to the 5 h magnetization; a similar structure is observed after 10 h magnetization (Figs.
S38-S39). As in magnetized P335, the cyl and cubic d-spacings are remarkably consistent across
magnetization times; only the relative prominence of one phase vs. another changes appreciably
with increasing t,,,. Interestingly, while the critical time is nearly double that for P333 vs. P335,
the cubic — cyl transition occurs over more rapid timescales than in P335. One explanation is that
this more rapid OOT timescale reflects that cy/ formation is more thermodynamically favorable in
the lower PEO content P333,* reflected by the cubic — cyl transition at lower ¢, on the O T phase
diagram for P333 vs. P335 (Fig. 2b vs. Fig. S28).

Unlike in P335, no fcc packings are observed for P333 at shorter magnetization times or in the
0 T SAXS. At zero-field, P333 and P335 micelles have nearly identical interfacial areas per chain
(Table S16), yet each P333 chain has substantially less PEO -— thus bcc formation here likely
reflects that the shorter PEO blocks in P333 form micelles with less dense coronas.®® A direct
dis-to-bcc transition in P333 is supported by magnetization experiments at two hours (Fig. 4d, red
trace). At these short times, P333 forms a soft solid in the rheometer but the sample relaxes into
disordered micelles by the time the SAXS is performed. However, consistent with the smaller bcc-
packed micelles observed after 3 h magnetization, the smaller micelle size persists upon relaxation
— seen by the clear shift of the two broad scattering peaks to higher g-values. Here, a reduction
in the disordered R, of 7.2 = 1.2 A is observed vs. R, prior to magnetization (Table S12). This
magnetized micelle radius is also significantly smaller than the disordered R, observed at higher
concentrations at O T (Fig. S34, Table S12), again confirming that field-induced changes in micelle
size and ordering are distinct from those observed with increasing T or ¢, at zero-field. Finally,
the remarkable consistency of the fcc, bee, and cyl lattice parameters across t,,,, for both P333 and

P335 suggests that while B-field alters micelle hydration, the preferred packing dimensions for a
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given ordered phase remain the same. This finding also suggests that artifacts like gradual drying

of the sample are not realistic explanations of the observed phase behavior.

Discussion

To our knowledge, the disorder-to-cubic transitions here are the first observations of magnetic field-
induced ordering of diamagnetic spheres. We are similarly unaware of any work demonstrating a
stable field-induced sphere-to-rod transition at low field intensities, although at high field inten-
sities, electric and magnetic fields can elongate spherical micelles into ellipsoids.’® Furthermore,
this work is the first to demonstrate a direct magnetically-induced OOT in an entirely diamagnetic
BCP system — without requiring addition of magnetite nanoparticles or magneto-thermal anneal-
ing.?’ Below, we briefly review plausible explanations for this behavior, and then propose a most
likely mechanism of B-induced ordering in these materials.
To date, B-responsiveness in diamagnetic BCPs has typically resulted from alignment of anisotropic

16,28,71-73 However

species or domains, driven by a high Ay mesogen or a high Ay between blocks.
here, the micelles are spherical (Ay, s ~ 0) and the magnetic susceptibility anisotropy based
on the PEO and PPO blocks is also nearly zero (Ayeain ~ 10719). Alignment during crystalliza-
tion occurs due to geometric anisotropy of the growing crystal, enhancing Ay.3”-’* In PEO-based
BCPs with large LC mesogens, PEO crystallization is typically suppressed or confined and does
not drive alignment;’!’>”> however, PEO crystallization can drive orientation in BCPs without LC
mesogens.>’ Indeed here — over timescales that are one to two orders of magnitude longer than
the poloxamer B-induced ordering — PEO and PPO homopolymers can exhibit B-induced crys-
tallization (Section S5). Yet, WAXS and FTIR on poloxamers do not show any crystallization
peaks, ruling out B-induced crystallization or crystallization-assisted self-assembly. 33! However,
changes in polymer chain conformation similar to those during crystallization could plausibly ex-
plain some of the observed changes in packing, especially when OOTs occur after long 7,,,4,.
Other alternative explanations include the presence of impurities, concentration gradients or

macroscopic phase separation, sample drying, or other artifacts. However, chemical analysis con-

firms that the samples are free of ferro- or paramagnetic impurities, and magnetic analysis confirms
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the expected diamagnetic behavior (Section S3.1). Poloxamer samples are clear and appear homo-
geneous following long #,,,, suggesting an absence of macrophase separation and concentration
gradients (Fig. S6). Magnetized poloxamers relax back to the same structure as non-magnetized
controls (Section S6), confirming that the sample is not irreversibly altered. The smaller struc-
ture sizes observed with magnetization are also not observed at higher ¢,, as would be expected
if this phenomenon were due to drying. This response is also robust to polymer batch, salt, and
diblock impurities (Section S3.2). Finally, samples placed on permanent magnets display similar
behaviors, verifying that this response is not dependent on the magnetorheometer.

We instead propose that, due to the presence of solvent, these changes in phase behavior are
a consequence of molecular-level processes, namely alterations to solvent quality and polymer-
solvent interactions that dictate self-assembly energetics. Our results suggest that B fields alter
solvent quality by reducing or weakening polymer-solvent interactions and strengthening inter-
chain interactions, in agreement with Vshikov and others.***’® Numerous studies have shown
that B fields significantly impact the thermodynamic, optical, electrical, and surface properties of
water.””~”° While the influence of B fields on hydrogen bonding in water has been contested, 3-34
a competitive proposed mechanism unifies these theories. Here B fields break intra-cluster hydro-
gen bonds but strengthen inter-cluster bonds, resulting in smaller water clusters.®® These changes
in water structure and polarity may account for some of the changes in water bonding modes ob-
served in the P335 FTIR spectra, especially the increase in free and multimer water with B.

The proposed changes in solvation are consistent with the observed B-induced ordering in both
P333 and P335. These DOTs suggest that unimers in solution prior to magnetization are added
to micelles enabling a soft solid to form — implying that the B field facilitates unimer removal
from solution. This process is at least in part similar to the effect of increasing 7', which worsens
solvent quality and similarly facilitates unimer removal via an endothermic process. Thus, even if
poloxamer chains were to eventually crystallize, given the multiple-hour timescale associated with
homopolymer B-induced crystallization, any potential PEO or PPO crystals would seemingly play

little role in the transition onset.
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Notably, in poloxamers like P333 at 20% wt, magnetization creates significantly smaller mi-
celles relative to the disordered micelles prior to magnetization (20% wt) and at O T at higher P333
content (25% wt). These zero-field controls help eliminate sample drying as a potential explana-
tion for this anomalous behavior, as the resulting microstructure upon drying would be expected to
mirror that of higher ¢, P333 solutions. Further, the reduced R, with magnetization is observed in
both the bcc ordered material and following relaxation after short #,,,,. At 20% wt P333 and O T,
increasing T does not yield cubic phases and instead leads to rod formation — suggesting that the
volume fraction of P333 spherical micelles may be insufficient to form a system-spanning cubic
packing. Accordingly, B-induced ordering likely only occurs because magnetization reduces the
P333 micelle size significantly, thereby increasing the overall micelle volume fraction and enabling
a system-spanning cubic packing to form.

Why does P333 have a critical time twice that of P335, despite these two solutions having
identical micellization enthalpies above 20 °C? If unimer removal from solution and insertion into
micelles was the only process that B field impacted, the two DOTs would appear similar. However,
the magnetized P335 R, is larger than R, before magnetization (20% wt, 0 T). While the magnetized
R; and N, are slightly smaller than that observed at zero-field with increasing T', a significant
number of the unimers in solution can be added to existing P335 micelles upon magnetization,
leading to the observed >6 A increase in R, with magnetization. As such, only a small fraction of
additional micelles (relative to increasing 7') must be created by applying B-field for P335 to form
a cubic packing. Conversely, R, for P333 upon magnetization significantly decreases relative to
its zero-field disordered R;. Here, the micelle volume decreases by over 25% upon magnetization.
Thus, one potential explanation for the longer 7. in P333 is that beyond the time required to remove
unimers from solution, the additional time required for mass rearrangement — i.e. removing chains
from existing micelles and forming new micelles — lengthens ¢, relative to 7, for P335.

What accounts for these differences in how R, and N,,, change upon magnetization for P333
vs. P335? SANS indicates that while P333 and P335 at 20% wt (0 T) have similar R,, the N,g,

for P333 micelles is >40% greater (Sections S9.5,59.6). Here, the micelle core is much larger for
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P333 whereas the coronas are larger in P335 due to the bulky PEO end blocks. Thus the starting
conditions, i.e. the micelles present when B-field is applied, are substantially different. The higher
initial Nz, for P333 micelles means that the PPO core blocks are significantly more stretched,
incurring an entropic penalty. Micelle shape changes like elongation are favored over an increase
in the spherical micelle R, when the entropic penalty for core chain stretching exceeds the benefit
of further reducing PPO-solvent contact via unimer addition, often when the core size equals the
length of the stretched PPO chain.*3%7 Thus, simply adding all unimers to existing, already-large
P333 micelles would likely incur a sphere-to-rod transition, as occurs with increasing 7 at 0 T.
Conversely, chains in P335 micelles prior to magnetization are substantially less stretched de-
spite equivalent R;, as N, is much smaller. Accordingly, existing micelles can accommodate
addition of numerous unimers upon magnetization before becoming fully stretched — enabling a
system-spanning cubic packing to form primarily by forming larger micelles, rather than more mi-
celles. The ordering behavior of 20% wt P335 at O T also shows that increasing 7T is sufficient to
form a cubic packing, suggesting that P335 micelles at 20 °C are at a high enough volume fraction
that inserting remaining unimers primarily into existing micelles is sufficient to induce ordering —
which is not the case for P333. Notably, the P335 micelle volume fraction at 20 °C is ~15% larger
than that for P333 (Section S9.6). The precise reason that P333 micelles become smaller instead
of undergoing a sphere-to-rod transition while P335 micelles instead increase in size is unclear.
However, one reasonable explanation is that adding a unimer to a micelle in which the core chains
are already tightly packed and highly stretched is more difficult than adding a unimer to a micelle
with a lower packing density. Additionally, the most favorable chain packing for either system
does appear to be altered by the presence of B-field, as the interfacial area per chain in the ordered
phase increases vs. the micelles formed with increasing T or ¢, in both cases. One possible cause
of this increase in aq is that the B-field induces additional associations between PEO and water
in the outer micelle corona, leading each PEO end block to assume a greater effective volume.
Association of water with free PEO has been shown to promote micellization in poloxamers due

t, 40,85,86

to a reduction in available water conten which could also help facilitate ordering.
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Finally, in both poloxamers, any changes in solvent quality and chain conformation during
magnetization result in a cubic-to-cyl OOT. However, despite the much longer 7., the cubic-to-cyl
OOT happens more rapidly in P333 than P335. This more rapid OOT in P333 thus may reflect its
smaller cubic phase window on the zero-field T vs. ¢, phase diagram. As shown previously, 8758
P333 easily forms rods and wormlike structures due to its relatively small PEO fraction, whereas
the large PEO end groups in P335 hinder formation of elongated structures. Unsurprisingly, P333

at zero-field forms rods or cylinders at substantially lower T or ¢, than P335 (Section S9). 43488

Conclusion

The anomalous disorder-to-order transition (DOT) induced in diamagnetic poloxamers by low-
intensity magnetic fields provides a unique route for developing well-ordered BCP materials. Un-
like in all previous examples of ordered polymeric materials in magnetic fields, this system does
not respond to magnetic fields via domain alignment. As such, we have shown the first example of
isotropic BCP building blocks ordering into a nonaligned, i.e. cubic, ordered phase in response to
magnetic fields. This approach is particularly promising for advanced materials development, as
the proposed solvation mechanism is not specific to BCP chemistry.

Via magnetorheology, X-ray scattering, differential scanning calorimetry and vibrational spec-
troscopy, the magnetic field-induced DOT is shown to be related to magnetic field-altered polymer-
solvent interactions — not due to field-induced crystallization, as is observed in homopolymer so-
lutions. The precise molecular mechanisms leading to these field-altered polymer-solvent interac-
tions will be the subject of immediate future work. The particular ordered phase that forms due to
magnetic field processing depends on both the amphiphile characteristics and magnetization time.
For both P333 and P335, the phase trajectory as a function of magnetization time generally fol-
lows the zero-field phase diagram with increasing polymer content — cubic packings of spherical
micelles followed by hexagonal packings of cylindrical micelles. However, the interfacial area
per poloxamer chain greatly increases for magnetized micelles and cylinders vs. those formed by
increasing the concentration.

Promisingly, materials processed via magnetic fields exhibit significant mechanical and struc-
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tural improvements over those materials processed via thermal methods. The dynamic moduli of
these aqueous BCP solutions begin increasing rapidly in less than one hour of magnetization for
both P333 and P335. As a result of these field-induced transitions, G’ and G” increase by four or-
ders of magnitude, demonstrating a modulus enhancement two to four orders of magnitude greater
than that observed by thermally-induced ordering. P333 shows a morphology distinct from that of
thermal processing (disordered rods) when instead exposed to magnetic fields (bcc). Interestingly,
while magnetically-ordered P335 has significantly higher moduli, both 7- and B-ordered samples
have the same fcc packing and a similar lattice parameter, suggesting that minor changes in a only
partially account for the significant modulus enhancement. Accordingly, this new approach to or-
dering BCPs affords access to structures and d-spacings inaccessible by changing temperature or
polymer concentration. As a result, magnetizing aqueous BCPs in this manner offers an innovative

platform for developing BCP materials with precisely-tuned properties.
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