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1. Introduction

Block copolymer self-assembly derived
mesoporous magnetic materials with
three-dimensionally (3D) co-continuous
gyroid nanostructuret

a
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Magnetic nanomaterials are gaining interest for their many applications in technological areas from
information science and computing to next-generation quantum energy materials. While magnetic
materials have historically been nanostructured through techniques such as lithography and molecular
beam epitaxy, there has recently been growing interest in using soft matter self-assembly. In this work, a
triblock terpolymer, poly(isoprene-block-styrene-block-ethylene oxide) (ISO), is used as a structure
directing agent for aluminosilicate sol nanoparticles and magnetic material precursors to generate
organic—inorganic bulk hybrid films with co-continuous morphology. After thermal processing into
mesoporous materials, results from a combination of small angle X-ray scattering (SAXS) and scanning
electron microscopy (SEM) are consistent with the double gyroid morphology. Nitrogen sorption
measurements reveal a type IV isotherm with H1 hysteresis, and yield a specific surface area of around
200 m? g7t and an average pore size of 23 nm. The magnetization of the mesostructured material as a
function of applied field shows magnetic hysteresis and coercivity at 300 K and 10 K. Comparison of magnetic
measurements between the mesoporous gyroid and an unstructured bulk magnetic material, derived from the
identical inorganic precursors, reveals the structured material exhibits a coercivity of 250 Oe, opposed to 148
Oe for the unstructured at 10 K, and presence of remnant magnetic moment not conventionally found in bulk
hematite; both of these properties are attributed to the mesostructure. This scalable route to mesoporous
magnetic materials with co-continuous morphologies from block copolymer self-assembly may provide a
pathway to advanced magnetic nanomaterials with a range of potential applications.

understanding and technological development. Control over the
size, shape, and arrangement of nanomagnetic materials is

Nanostructured magnetic materials and nanomagnet arrays
have recently garnered increasing interest due to their potential
in myriad applications including magnetic cooling, logic gates,
memory devices, quantum computing, nanomedicine, catalysis,
and spintronics."™ Many of these applications are appealing as
they are at the frontier of the ever-growing field of quantum
materials, offering much fertile ground in both basic scientific
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crucial for achieving desired properties and performance for a
given application. To this end, numerous techniques have been
developed to create ordered arrays of nanomagnetic materials.
Although conventional methods, including lithography, focused
ion beams, and molecular beam epitaxy,”” have demonstrated
successful fabrication of nanomagnetic arrays, researchers have
long sought more efficient and cost-effective alternatives.

While for the most part the fields of soft matter and hard
condensed matter have developed apart from each other, recent
efforts in combining these two fields have yielded success
in generating advanced nanomagnetic materials. Compared
to conventional methodologies, fabrication techniques with
soft matter offer the use of solution-processible, self-assembling
materials to template or structure-direct hard magnetic materials
into ordered structures. Using soft matter as a way to structure
magnetic materials should open doors to new research of
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fundamental and technological relevance by offering morpholo-
gical control at the mesoscale, allowing the use of a wide variety of
materials classes, and providing access to scalable solution-based
synthesis approaches to a range of form factors.® Several soft
matter methodologies of generating nanomagnetic arrays have
already been investigated, such as using liquid crystal tem-
plating,”'® colloidal assembly,'™"> micellar templating," surfac-
tant templating,'®"* and block copolymer (BCP) self-assembly (SA)
based templating and structure direction.”>™*® Of particular inter-
est to the authors are BCPs. This class of soft matter consists of
two or more covalently bound, chemically distinct polymer chains,
or “blocks.” These unalike blocks will undergo segregation at the
mesoscale, depending on the Flory-Huggins monomer-monomer
interaction parameter and block volume fraction; this leads to
BCP SA into a variety of mesoscopic morphologies, including
micellar structures, hexagonally packed cylinders, lamellae, and
co-continuous network structures.>' Understanding the phase
behavior of a BCP allows for a tailored synthesis to target a specific
morphology. Furthermore, assuming enthalpic and entropic
requirements are met, blocks can be selectively swelled with
additives in order to increase their respective volume fractions
and tune morphology.”” These additives themselves can be func-
tional materials, such as sol-gel derived silicate®>** or transition
metal oxide*® nanoparticles, effectively using BCPs as structure
directing agents to co-assemble hybrids with morphologies
informed by the parent BCP phase behavior.>”

Previous work using BCPs has explored soft templating of
nanomagnetic hexagonal arrays through in-situ sol-gel routes, or
deposition of magnetic nickel to pre-self-assembled polymers.'®™58
However, these works have either been limited in the complexity of
their formed morphologies or required multiple steps, such as
electrodeposition or electroless deposition into a self-assembled soft
template. In this work we report a SA one-pot synthesis using a sol-
gel method, and subsequent thermal processing, to generate a
mesoporous inorganic material consistent with co-continuous gyro-
idal morphology, with weak ferromagnetic (WF) response at 300 K
and ferromagnetic hysteresis behavior at 10 K, using a triblock
terpolymer, poly(isoprene-block-styrene-block-ethylene oxide) (PI-b-
PS-b-PEO, or simply ISO), as a structure-directing agent. To that
end an aluminosilicate-metal oxide-precursor hybrid was first
synthesized using iron(ur) ethoxide as an iron oxide precursor and
then converted via high-temperature treatment into a mesoporous
nanostructure with magnetic properties.'® The development of the
resulting magnetic nanomaterials is in the hope of expanding the
library of co-continuous, nanostructured magnetic materials that
can benefit from high surface area and processing techniques to
expand and improve applications of such materials. The impact of
such materials is expected to range from green catalysts to quantum
materials.

2. Materials and methods
2.1. Materials

1,1-Diphenylethylene (DPE) (97%, Aldrich), n-butyllithium
(1.6 M in hexanes, Sigma-Aldrich), sec-butyllithium (1.4 M in
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cyclohexane, Sigma-Aldrich), di-n-butylmagnesium (1 M in
ether and hexanes, Sigma-Aldrich), methanolic hydrogen chloride
(methanolic HCI)(3 N, Sigma-Aldrich), hydrochloric acid (HCI)
(38%, EMD Millipore Corp.), 3-(glycidyloxypropyl) trimethoxysi-
lane (>98%, Aldrich), aluminum tri-sec butoxide (97%, Acros
Organics), potassium chloride (KCl) (99.95%, Alfa Aesar), iron(m)
ethoxide (Chem Cruz), and cobalt chloride (anhydrous 99.8%,
Chem-Impex International, Inc.) were used as received. Tetrahy-
drofuran (THF) (99.9% anhydrous, Sigma-Aldrich) was used after
distillation over n-butyllithium and DPE for polymerization reac-
tions, and after being dried over molecular sieves for the for-
mation of final polymer solutions. Benzene (99.8% anhydrous,
Sigma-Aldrich) was used after distillation over n-butyllithium and
DPE for synthesis. Chloroform (Sigma-Aldrich) was used after
drying over molecular sieves for the formation of polymer solu-
tions. Isoprene (99%, contains <1000 ppm p-tert-butylcatechol
as inhibitor, Sigma-Aldrich) was used after distillation of n-butyl-
lithium, styrene (>99%, contains 4-tert-butylcatechol as stabilizer,
Sigma-Aldrich) was used after distillation over di-n-butyl-
magnesium, and ethylene oxide (99.5% Sigma-Aldrich) was used
after distillation over n-butyllithium for the BCP synthesis. Potas-
sium naphthalimide was produced by mixing potassium, naphth-
lene, and THF.

2.2. Methods

2.2.1. ISO polymer synthesis. ISO was synthesized via
sequential anionic polymerization as described in detail
elsewhere.”>?° Briefly, a desired amount of sec-butyllithium
was added to a reactor of clean benzene after it was pumped
into a nitrogen glove box. Isoprene was added to the reactor
and allowed to react overnight. An aliquot was taken and
quenched with methanolic HCI for GPC analysis. Next, styrene
was added to the reactor and reacted overnight. The following
day, a PI-b-PS aliquot was taken and quenched with methanolic
HCI for GPC analysis. The reactor was removed from the glove
box and fitted with a reverse injection apparatus. Ethylene
oxide was distilled over n-butyllithium, and then reverse
injected into the reactor. The resulting PI-b-PS end-capped with
one unit of ethylene oxide (ISOH) was subsequentially
quenched with methanolic HCIL

For addition of the third block, the ISOH was neutralized
with sodium bicarbonate solution. Subsequently, the organic
layer was washed with deionized water. The organic layer of the
separation was then collected, and the ISOH was concentrated
down and subsequently freeze-dried over a period of several
days before being redissolved in THF. Potassium naphthal-
imide was used to reinitiate the ISOH polymer, by titrating it
into the reactor until there was a consistent light green color.
Then, a desired amount of ethylene oxide (EO) was reverse
injected into the reactor. The reactor was left stirring at 40 °C
for four days, followed by a quench with methanolic HCL. The
resultant terpolymer was then neutralized and dried prior to use.
Of note, EO is a toxic, flammable gas and should be handled and
stored properly according to safety data sheet guidelines.

2.2.2. Aluminosilicate sol preparation. The aluminosilicate
sol was prepared through a hydrolytic route.>* First, 2.65 g of

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3sm01622f

Published on 05 March 2024. Downloaded by Cornell University Library on 3/25/2024 7:43:12 PM.

Soft Matter

3-(glycidyloxypropyl)trimethoxysilane (GLYMO) was added to a
20 mL vial through a 0.2 pm syringe filter followed by 0.7 g of
aluminum tri-sec butoxide (resulting in a molar ratio of 8:2
GLYMO: aluminum tri-sec butoxide) and 20 mg of KCl. The
solution was then stirred in an ice-water bath for 10 minutes
and prepared using a two-step acid catalyzed hydrolysis proce-
dure. 0.135 mL of 0.1 M HCl was added dropwise (1 drop every
3 seconds) through a 21 G needle. Once added, the solution was
stirred 15 minutes at 0 °C, followed by 15 minutes of stirring at
21 °C. 0.85 mL of 0.1 M HCl was then added dropwise through a
22 G needle (1 drop every 7 seconds) to the resulting cloudy
solution, followed by 20 minutes of stirring at 21 °C. The now
clear to semi-clear solution was filtered through a 0.2 pm
syringe filter.

2.2.3. Hybrid preparation. Seventy-five milligrams of ISO
were dissolved to a 2 wt% solution into a 1:1 mass ratio of
anhydrous tetrahydrofuran and anhydrous chloroform. Iron(i)
ethoxide was then added to the polymer solution. An appro-
priate weight of aluminosilicate solution (assuming 53 wt%
inorganic content) was added to the polymer solution in a
75:25 molar ratio of aluminosilicate precursors (excluding
HCI) and iron(m) ethoxide, to reach a 62% weight fraction
PEO + inorganic to polymer. Assuming full conversion of the
inorganic precursors to in-framework aluminosilicate network
and iron(m) oxide (i.e., hematite, a-Fe,03, see main text below),
this translates to a weight fraction of about 30% hematite
converted to a volume fraction of about 10% of hematite
(assuming a density of 1.4 g cm > for the aluminosilicate*
and 5.26 g cm* for hematite) for the fully converted meso-
porous inorganic material. The solution was then stirred for 1
hour, and casted onto polytetrafluoroethylene (PTFE) cups
under a glass dome, all on a hot plate set to 50 °C overnight.
The resulting films were then heated in a vacuum oven for
1 hour at 130 °C and then removed to cool to room temperature.

2.2.4. Porous inorganic preparation. The hybrid films were
calcined to promote nucleation and growth of the oxides in
parallel to the thermal decomposition of the terpolymer.
To that end, the hybrids were calcined at 350 °C for 3 h followed
by 550 °C for 6 hours at a ramp rate of 1 °C min~" for both
steps. The slow ramp rate facilitated thermal decomposition of
the polymer while maintaining the mesostructure.

2.2.5. Characterization

ISO triblock terpolymer. Terpolymer characterization was
performed via a combination of gel permeation chromatogra-
phy (GPC) and proton nuclear magnetic resonance (*H-NMR).
GPC was run on an Agilent Series 1100 LC system with Series
1200 Quaternary Pump and Degasser, equipped with an Agilent
ResiPore GPC column. The system was kept at 30 °C and 14 bar.
Data was taken with an RI detector, with samples run dissolved
in THF at concentrations between 0.5 and 1 mg mL™". NMR
was run on a Bruker av500 NMR spectrometer at 500 MHz
equipped with a liquid nitrogen-cooled cryoprobe; the samples
were dissolved in deuterated chloroform.

Hybrid materials. Small angle X-ray scattering (SAXS) was
conducted to elucidate the morphology of the hybrid materials.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

SAXS was run at the cornell high energy synchrotron source
(CHESS) BioSAXS line; the X-ray wavelength used was 1.0938
Angstrom (A), the energy was 11.3 keV, and the sample-to-
detector distance was 1776 mm. SAXS patterns were analyzed
on IgorPro 9.00.>° Scanning electron microscopy (SEM) was
conducted on a Zeiss Gemini 500 scanning electron microscope
with a secondary electron detector at a 3 kV accelerating
voltage. Samples were sputter-coated with gold-palladium
before imaging. Nitrogen sorption was conducted on an ASAP
2020 surface area and porosity analyzer. The analysis took place
at —196 °C after the sample was degassed. X-ray diffraction
(XRD) was run on a Bruker D8 advance ECO powder diffract-
ometer with Cu-Ka source. The scan speed used for XRD was
2° min~ . Sherrer analysis of the diffractogram was done using
MDI JADE software with Pseudo-Voigt peak fitting on the (104)
and (110) peaks on the diffractogram, taking the average of
the two resultant values. Magnetometry measurements were
performed on a quantum design MPMS3 superconducting
quantum interference device (SQUID) vibrating-sample mag-
netometer (VSM). The magnetization versus field measure-
ments were taken at 300 kelvin (K) and 10 K between £10 000
Oersted (Oe). The zero-field cooling and field cooling measure-
ments were taken between 2-300 K, with an applied field of
100 Oe during the field cooling measurement.

3. Results and discussion

ISO was successfully synthesized by sequential anionic poly-
merization (Fig. 1a). By GPC, the ISO was found to have a
dispersity P of 1.14. The peak centered at 20.3 minutes was
used to determine D, and all other signals in the elugram past
25 minutes were considered unreacted monomer or other small
molecules generated when the living polymer was quenched
(Fig. 1b). GPC of the poly(isoprene) (PI) and poly(isoprene-block-
styrene) (PI-b-PS) diblock copolymer were also taken (Fig. Sla
and b, ESI), which were used to help determine the final molar
mass in conjunction with NMR, as well as track molar mass and
D throughout the synthesis process (Table S1, ESIt). Proton
NMR was used to determine the molar ratio, and subsequently
the mass and volume ratios, of the final ISO terpolymer. Peaks
in "H-NMR associated with unique protons in each block were
integrated to determine the monomer ratio (Fig. 1c). For
the poly(isoprene) (PI) block, peaks from 5.0-5.2 ppm and
4.6-4.8 ppm were integrated, representing the single proton
from 1,4-PI and the two protons from 1,2-PI and 3,4-PI, respec-
tively. The PI in this ISO was predominantly 1,4-polyisoprene.
The poly(styrene) (PS) block was identified by the signal from
6.25-7.25 ppm, corresponding to the 5 protons of the phenyl
ring of the polymer. The poly(ethylene oxide) (PEO) block was
identified by peaks from 3.5-3.9 ppm, corresponding to the
four protons on the carbons in the repeat unit of the polymer.
Integrating these peaks, and then dividing each respective
intensity by the number of associated protons yielded a mono-
mer ratio, which was then converted to a mass ratio. The ISO
synthesized had a 14:36.4:49.6 PI: PS: PEO weight ratio. From
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Fig. 1 Schematic of ISO synthesis (a), and GPC (b), and proton NMR (c) characterization of the final ISO terpolymer.

the mass determined for the PI block by GPC (Fig. S1a, ESIf)
and the mass ratio determined by NMR, the ISO number
average molar mass, M, was determined to be 84 900 g mol .

With the ISO fully characterized, a particularly desired
morphology for the terpolymer/inorganic hybrid material could
then be targeted. Since the PEO of ISO is the only hydrophilic
block of the terpolymer, it is expected to be selectively swollen
with hydrophilic sol additives, thus increasing the volume
fraction of the “PEO + inorganic” block. A schematic of the
synthetic approach is provided in Fig. 2. For the hybrid synth-
esis, a 2 wt% solution of ISO in 1:1 THF:CHCl; by mass and a
hydrolytic sol of aluminosilicate nanoparticles were separately
prepared. Prior to mixing these two solutions, iron(u) ethoxide
was added to the polymer solution; the amount of iron(im)

ot e —

/\( 5 2-Step Hydrolysis
ar
Y
j/ Sol Mixture

o)
o‘\Fem N

ro 2wt% THF:CHCI,
+

Pl-b-PS-b-PEO or ISO
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=+ —1
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ethoxide was chosen so that there would be a molar ratio of
75 :25 aluminosilicate precursors to iron(ur) ethoxide. This ratio
of aluminosilicate precursors to iron(m) ethoxide allowed the
block copolymer-imposed mesostructure to remain intact after
the subsequent calcination-induced growth of the iron oxide
crystallites. Indeed, synthesized hybrids with 50:50 aluminosi-
licate precursors to iron(u) ethoxide showed crystal overgrowth
and resulting loss of mesostructure retention upon calcination
(Fig. S2, ESIT). After mixing these solutions in the appropriate
ratios, the resultant dope was cast and allowed to assemble
under evaporation induced SA (EISA). The resulting hybrid
films were then calcined to yield monoliths of porous alumi-
nosilicate with inorganic ferrous oxides expected to form in the
pore walls of the aluminosilicate matrix. While sol-gel routes to

1. 350°C, 3hrs
2.550°C, 6hrs

Fig. 2 Schematic showing co-assembly of ISO and inorganic components. The aluminosilicate sol is prepared separately and then added into a solution
of ISO terpolymer and iron oxide precursor. BCP SA directed nanostructured hybrid formation is then accomplished via EISA. Resulting self-assembled

hybrid materials are calcined to produce the final mesoporous materials.
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iron oxides exist without a silicate matrix, the aluminosilicate
chemistry used is known to be a well-behaved system for co-
assembly with O-block containing BCPs.**** The alumino-
silicate matrix also adds robustness and thermal stability to
the material.'® Furthermore, since the aluminosilicate sol is
synthesized prior to mixing with the BCP and iron oxide
precursor, this material is thought to act as a confining agent
resulting in discrete iron oxide nanoparticles distributed
throughout the aluminosilicate matrix.

Fig. 3a shows the SAXS traces of the organic-inorganic
hybrid (orange, bottom) and the calcined inorganic material
(black, top). Ticks above each trace indicate the first eight
expected peak positions of the double gyroid with space group
Ia3d (Q230) consistent with these patterns. From such SAXS
results, however, unambiguous assignment of cubic co-
continuous structures is very challenging as a result of signifi-
cant peak broadening and a lack of well-defined higher order
reflections. Fig. 3b shows a SEM cross-sectional image of
the mesoporous material clearly exhibiting typical features
expected from a co-continuous gyroid structure. This becomes
evident from a comparison with a model-generated image of a
characteristic double gyroid (211) plane shown in the inset of
this figure panel. According to literature, the distance between
the large wave-like features in the (211) plane of the double
gyroid as shown by the yellow line in the yellow box in the lower
right of the SEM image in Fig. 3b is equal to the unit cell size
multiplied by v/2.>' The drawn line in the SEM of Fig. 4a is
111 nm long. Comparing the unit cell size of 78.5 nm ascer-
tained from measuring the drawn line across the feature size of
the (211) plane in the SEM image, to the d-spacing of 81.3 nm
obtained from analysis of the SAXS pattern, we get reasonably
good agreement between the two, consistent with the assign-
ment of the structure to a double gyroid.

Fig. 4 shows nitrogen sorption/desorption results for the
calcined porous material exhibiting type IV isotherms with H1
hysteresis, indicating an open pore structure.*” This hysteresis
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Hybrid
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T
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is consistent with what would be expected from the continuous
open pore network suggested by SEM (Fig. 3b and Fig. S3, ESIT).
From this data, the Brunauer-Emmett-Teller (BET) based data
analysis yielded specific surface areas around 200 m” g~ *. The inset
of Fig. 4 shows the Barrett-Joyner-Halenda (BJH) model derived
pore size distribution obtained from the adsorption branch with an
average pore size of approximately 23 nm. This pore size is in
reasonable agreement with the pores visible in Fig. 3b.

XRD measurement results on the mesoporous inorganic
material are shown in Fig. 5. The aluminosilicate matrix is
expected to be amorphous under the thermal processing con-
ditions employed.'® Any XRD reflections are therefore expected
to stem from crystalline iron oxide phases distributed in the
porous aluminosilicate matrix. Indeed, on top of an amorphous
halo likely from the aluminosilicate, the XRD results show
peaks consistent with hematite (a-Fe,O3). Pseudo-Voigt fitting
and subsequent Sherrer analysis of the peaks located at 20 =
33.2° and 35.6° were averaged to yield a particle size of about
20 nm. Due to the resolution of the data, it is possible that
some magnetic phases such as magnetite, or maghemite
(y-Fe,O3) exist in the material as minority components that
are being overlooked. Fig. S4 (ESIt) shows XRD results of an
aluminosilicate with iron oxide embedded in it synthesized
without any BCP structure directing agent; this bulk material
had a similar XRD pattern to Fig. 5, and it is shown with
hematite and magnetite reference peaks. There are examples in
literature of iron oxide nanoparticles embedded in inorganic
matrices producing both y-Fe,0;"® and o-Fe,O; at or above the
processing temperature used in this work.>*** While the cur-
rent signal-to-noise level from experiments on a powder XRD
diffractometer, i.e., in the absence of synchrotron data, does
not allow to assess whether there are any other phases present
in the material, the results shown in Fig. 5 clearly suggest
a-Fe,O; in an amorphous aluminosilicate matrix.

Having identified «-Fe,O; phase in the resulting meso-
porous materials, we were interested in its magnetic properties,

Fig. 3 SAXS profiles of hybrids and thermally processed mesoporous materials (a). Ticks above each curve represent expected peak positions associated
with a double gyroid structure. SEM of mesoporous material compared to a characteristic projection of a (211) plane of a double gyroid (b). The yellow
line in the boxed region of the SEM consistent with the (211) plane of the double gyroid is 111 nm long.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 XRD of the calcined and mesoporous gyroidal aluminosilicate/Fe,Os composite material with reference peaks for hematite (a-Fe,Osz) shown at
the bottom from PDF #01-087-1164.

in particular under the nanoconfinement of the co-continuous magnetization versus magnetic field (M-H) curves taken at a
gyroidal aluminosilicate mesostructure. To that end, magneto- high and low temperature (300 K and 10 K, respectively); both
metry measurements were performed. Fig. 6a and b show two curves demonstrate magnetic hysteresis. This hysteresis was

a) b) 06 c)
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Fig. 6 Magnetometry measurements of magnetic moment vs. applied magnetic field (M—H) at 300 K (red) and 10 K (blue) for the BCP-derived
mesoporous gyroidal material (a). Zoomed in portions of curves in (a) to show the hysteresis at O applied field for each of the curves (b). Comparison of
the M—H curves at 300 K of BCP-derived mesoporous gyroidal material (red) and bulk sample (black) obtained without use of ISO as structure directing
agent (c).
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particularly noticeable at 10 K, with remnant magnetization
and coercivity of approximately 0.47 emu g ' and 250 Oe,
respectively, compared to 0.067 emu g ' and 32 Oe, respec-
tively, at 300 K. These results are indicative of weak ferromag-
netism (WF) at 300 K and ferromagnetic hysteresis behavior at
10 K, which is consistent with results on other nanostructured
hematite materials reported in the literature.>****” Hematite
nanoparticles are typically expected to be antiferromagnetic at
low temperatures, and perfectly compensated antiferromagnets
do not demonstrate hysteresis, so the results at 10 K indicate
that the material is an antiferromagnet with uncompensated
spins.*

To investigate the impact of the gyroidal nanostructure on the
magnetic behavior of the aluminosilicate-templated o-Fe,O3, an
inorganic sample was generated by the same procedure as the
gyroid sample, but without using the ISO terpolymer as a structure
directing agent. The resulting material was expected to still have
iron oxide nanoparticles embedded in an aluminosilicate matrix,
but, as a result of the lack of ISO, was expected to lack the
mesoporous gyroid morphology imparted by the BCP. Fig. S4
(ESIt) shows the XRD of this sample, which is very similar to the
one of the gyroidal material exhibited in Fig. 5, also consistent
with predominantly o-Fe,O; embedded in an amorphous alumi-
nosilicate. Fig. 6¢ shows the comparison of the M-H curves at
300 K of the mesoporous inorganic structure-directed into a
gyroidal morphology and the unstructured bulk inorganic. While
both are magnetic, the inorganic material with gyroidal structure
shows much stronger magnetization with field, as well as higher
remnant magnetization at zero applied field. However, the coer-
civity of the unstructured sample is higher than that of the
structured material at 300 K, with a value of approximately
147 Oe compared to 32 Oe, respectively. Comparing the M-H
curves of the gyroidal and unstructured materials at 10 K, the
coercivity and remnant magnetization of the structured inorganic
is higher than that of the unstructured sample, with the unstruc-
tured sample having a coercivity of 148 Oe and a remnant
magnetization of 0.034 emu g~ ' (Fig. S5, ESIt). Furthermore,
the change in coercivity from 300 K to 10 K in the unstructured
inorganic was not large, increasing by only approximately 1 Oe,
while the change in the coercivity of the structured material from
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300 K to 10 K was significant, increasing from 32 to 250 Oe (Fig. 6a
and Fig. S6, ESIt). Large coercivity and hysteresis has been
observed in small hematite nanoparticles (5 nm) embedded in a
porous silica matrix,*® but the origin of the hysteresis and
coercivity of the gyroidal mesostructured material at 10 K is not
explained by the aluminosilicate matrix here, since there was only
a trivial change in coercivity of the unstructured material when
M-H measurements were taken at 10 K.

Of note, the M-H curve taken of the gyroidal sample at 10 K
showed asymmetric hysteresis about the origin (Fig. 6b, top
panel). Asymmetric hysteresis and horizontal loop shifting in
purely ferromagnetic materials has been recently described
using micromagnetic simulations.®® The reason ascribed to
the hysteresis asymmetry and shifting in these simulations
was the interaction of intermixed weak and strong ferromag-
nets in the system caused by random orientation anisotropy
in the different grains of the simulated nanoparticles.>® The
hysteresis asymmetry and shifting observed in our materials
may therefore be due to the orientation of the grains of
magnetic nanoparticle embedded in the gyroidal alumino-
silicate matrix. Of note, this behavior was not demonstrated
by the unstructured sample. While this phenomenon needs to
be explored more thoroughly, a magnetic material demonstrat-
ing pseudo-exchange bias behavior has implications for appli-
cations such as spintronics.

Subsequently, zero-field (ZFC) and field cooling (FC) mea-
surements were taken on both samples, with results shown in
Fig. 7. At low temperatures, for the mesoporous gyroidal
material, the ZFC and FC in Fig. 7a showed a significant
separation, as is expected for ferromagnetic behavior. As the
temperature increased to 300 K, the FC curve monotonically
decreased while the ZFC curve, after an initial dip, monotoni-
cally increased, demonstrating an irreversibility temperature
(Tir), where the two curves meet, >300 K. Literature explains
the increase in the ZFC curve as surface spin ordering that can
be increased by the large surface area to volume ratio of a
porous structure.>® Of note, there was no indication of a clear
blocking temperature in the ZFC curve after the initial
decrease. Furthermore, bulk hematite is known to undergo a
Morin transition at ~265 K from weak ferromagnetic to
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Fig. 7 ZFC and FC curves for the BCP-derived mesoporous gyroidal aluminosilicate with imbedded a-Fe,O3 magnetic material (a) and the unstructured

bulk aluminosilicate sample with imbedded a-Fe,Os magnetic material (b).
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antiferromagnetic behavior,*® usually displayed by a sharp peak
in the ZFC and FC curves. Hematite nanoparticles also display
Morin transitions, below which antiferromagnetic behavior is
dominant, with the Morin transition temperature shifting to
lower temperatures with decreasing particle size; below 10 nm
particle size the Morin transition is suppressed.’® However,
Tadic et al. found that hematite particles of even 40 nm size in a
porous alumina matrix had a suppressed Morin transition
when taking ZFC curves at 100 Oe.>* Fig. 7a shows no indication
of peaks corresponding to a Morin transition, indicating that it
was suppressed. Sherrer analysis of the peaks in Fig. 5 suggested
particles of about 20 nm diameter, indicating that these materials
demonstrated a similar property as the materials described in
Tadic et al., ie., suppression of Morin transition in hematite
nanoparticles with size above 10 nm. The shape of these curves is
consistent with other hematite-based nanomaterials demonstrat-
ing magnetic hysteresis behavior.>**%*”

Fig. 7b shows the ZFC and FC curves for the unstructured
bulk inorganic material, which display different behavior than
those of the structured counterpart (zoomed-in y-axis shown in
Fig. S7, ESIt). Both the ZFC and FC curve monotonically
decrease with temperature to a much lower remnant magneti-
zation value. Of note, the T;, is still >300 K, and there is still
no indication of a Morin transition in Fig. 7b. This implies that
the suppression of the Morin transition is likely due to the
confinement of the a-Fe,O; phase in the aluminosilicate matrix
and not to the gyroidal mesostructure. It is also possible that
ZFC and FC measurements under high magnetic field may
reveal the suppressed Morin transition temperature.** Another
feature of note is the lack of the local maximum in ZFC curve
before divergence from the FC curve that indicates blocking
temperature; blocking temperature indicates a switch to super-
paramagnetic ordering, which has been observed in some
hematite nanomaterials with at least one dimension <10 nm.***
Lastly, it is clear that the mesoscale gyroidal structure impacts
the values of the magnetic moment of the material when
comparing Fig. 7a and b.

The results of the magnetic characterizations indicate that
imposing the gyroidal mesostructure onto an aluminosilicate/
a-Fe,O; hybrid material does impact its magnetic behavior
compared to a chemically identical material that is not meso-
structured. There are several potential explanations for the
phenomena observed. Above the Morin transition temperature,
WF behavior in bulk hematite typically diminishes due to
charge transfer from O 2p to Fe 3d, and strain and structural
defects have been used to overcome this issue.’” For our
structured material at 300 K, the strong magnetization relative
to the unstructured material could be due to the mesostructure
causing distortions of the crystal boundaries or asymmetric
covalent Fe-O bonding, which have been shown to affect
o-Fe,O; magnetic properties.®”

Furthermore, recent work simulating magnetic nickel with
single gyroid morphology was able to support an assumption
that spins in a strut of the gyroid would work together like
a single macrospin that is aligned with the strut direction.”
While a single gyroid has does not have the same symmetry as
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the double gyroid studied here, this assumption may hold for a
double gyroid morphology as well. It is worth noting that soft
matter self-assembly derived structures like the double gyroid
always have defects and grain boundaries (e.g., see Fig. 3b and
Fig. S3, ESIf). In the context of macrospins following the
direction of gyroid struts, these defects and grain boundaries
in the material could also have contributed to local magnetic
anisotropy resulting in uncompensated spins, coercivity, and
the asymmetry of the hysteresis from the structured sample
M-H curves at 10 K. From literature, we do not expect any
particular packing from iron oxide nanoparticles in an alumi-
nosilicate matrix, rather the particles are expected to be dis-
persed throughout the matrix.’® However, this dispersion of
nanoparticles throughout the struts of the matrix phase of the
network gyroid structure may also contribute to differences
in local magnetic anisotropy energies, due to differences in
surface and core spins of the embedded nanoparticles.®
As expected at this early state, our work poses a number of
questions that further in-depth studies need to address. It is
clear from our results, however, that the nanoconfinement of
the iron oxide phase induced by the gyroidal aluminosilicate
nanostructure affects magnetic properties at 300 K and 10 K.

4. Conclusions

In this work, a triblock terpolymer-inorganic hybrid material
with co-continuous morphology was developed and subse-
quently calcined to produce a mesoporous inorganic alumino-
silicate with embedded ferromagnetic a-Fe,O3 nanoparticles in
its walls. Structural analysis of this materials via SAXS and SEM
is consistent with a double gyroid structure. To the best of our
knowledge, this is the first example of a WF Fe,O; material
with mesoporous gyroid morphology. To structure-direct these
inorganic materials, an ISO triblock terpolymer was synthe-
sized and utilized. In solution, the ISO was mixed with iron()
ethoxide and a hydrolytic aluminosilicate sol; this solution was
then cast into a PTFE dish, allowed to co-assemble during EISA,
and subsequently calcined. The resulting films were then
investigated with SAXS, SEM, and nitrogen physisorption,
which, together, suggested that the calcined mesoporous mate-
rials had a co-continuous cubic double gyroid morphology with
high-surface area and an average pore size of around 23 nm.
SQUID vibrating-sample magnetometry M-H measurements
showed that these porous materials had magnetic hysteresis
at both 300 K and 10 K. Comparison between M-H and ZFC/FC
curves of the mesostructured material and a chemically iden-
tical unstructured bulk material showed that the mesostructure
did affect and enhance magnetic properties such as remnant
magnetic field at zero applied magnetic field and magnetiza-
tion magnitude at 300 K and 10 K. In particular, M-H curves at
10 K showed strong hysteresis, reminiscent of a ferromagnetic
interaction, indicating an antiferromagnet that was not com-
pensated; the hysteresis was also interestingly asymmetric for
the structured inorganic at 10 K. We expect that the solution-
based BCP SA route to mesoporous magnetic nanomaterials
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with co-continuous double gyroid morphology described here
will open up pathways to a plethora of advanced magnetic
nanomaterials, e.g., through backfilling of the interconnected
pores with a second (magnetic or superconducting) material,
with anticipated impact on both fundamental science and
technology.

Author contributions

A. J. D.: investigation, formal analysis, visualization, writing -
original draft, writing - review & editing. W. R. T. T. investiga-
tion, formal analysis, visualization, writing - original draft,
writing - review & editing. W. M.: investigation. F. Y.: formal
analysis and visualization. Y. L.: investigation. J. G. W.: inves-
tigation, writing - review & editing. R. B. V. D.: writing - review
& editing. U. B. W.: funding acquisition, conceptualization,
supervision, data analysis and interpretation, writing — original
draft, writing - review & editing.

Conflicts of interest

There are no conflicts of interest to declare.

Acknowledgements

The authors would like to thank the U.S. Department of Energy
(DOE), Office of Science, Basic Energy Sciences (DE-SC0010560)
for funding this research. This work made use of the Cornell
University NMR Facility, which is supported, in part, by the NSF
through MRI award CHE-1531632. This work also made use of a
Quantum Design MPMS-3 supported by NSF (DMR-1920086)
and a Bruker Powder Diffractometer of the Cornell Center for
Materials Research (CCMR) Shared Facilities, supported by the
NSF MRSEC program through Award DMR-1719875. Addition-
ally, this work made use of SAXS lines at the Center for High-
Energy X-ray Sciences (CHEXS) at the Cornell High Energy
Synchrotron Source (CHESS), which is supported by the at
National Science Foundation (BIO, ENG and MPS Directorates)
under award DMR-1829070, and the Macromolecular Diffrac-
tion at CHESS (MacCHESS) facility, which is supported by
award 1-P30-GM124166-01A1 from the National Institute of
General Medical Sciences, National Institutes of Health, and
by New York State’s Empire State Development Corporation
(NYSTAR). A. J. D. would like to acknowledge Dr Peter Beaucage
for his SAXS peak tagging code available for Igor Pro.

References

1 D. L. Leslie-Pelecky and R. D. Rieke, Chem. Mater., 1996, 8,
1770-1783.

2 J. Tejada, E. M. Chudnovsky, E. del Barco, J. M. Hernandez
and T. P. Spiller, Nanotechnology, 2001, 12, 181.

3 S.Wang, J. Xu, W. Li, S. Sun, S. Gao and Y. Hou, Chem. Rev.,
2022, 122, 5411-5475.

4 J. Xu, W. Li and Y. Hou, Trends Chem., 2019, 2, 163-173.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

5 A. Roy, S. Guchhait, R. Dey, T. Pramanik, C. Hsieh, A. Rai
and S. K. Banerjee, ACS Nano, 2015, 9, 3772-3779.

6 B. Heinrich, S. T. Purcell, J. R. Dutcher, K. B. Urquhart,
J. F. Cochran and A. S. Arrot, Phys. Rev. B: Condens. Matter
Mater. Phys., 1998, 38, 12879.

7 Z. Luo, T. P. Dao, A. Hrabec, J. Vijayakumar, A. Kleibert,
M. Baumgartner, E. Kirk, J. Cui, T. Savchenko, G.
Krishnaswamy, L. J. Heyderman and P. Gambardella,
Science, 2019, 363, 1435-1439.

8 R. P. Thedford, F. Yu, W. R. T. Tait, K. Shastri, F. Monticone
and U. Wiesner, Adv. Mater., 2023, 35, 22030908.

9 S. M. Saliliy M. Worden, A. Nemati, D. W. Miller and
T. Hegmann, Nanomaterials, 2017, 7, 211.

10 D. Dasgupta, I. K. Shishmanova, A. Ruiz-Cerretero, K. Lu,
M. Verhoeven, H. P. C. van Kuringen, G. Portale, P. Leclere,
C. W. M. Bastiaansen, D. J. Broer and A. P. H. J. Schenning,
J. Am. Chem. Soc., 2013, 135, 10922-10925.

11 L. He, M. Wang, Q. Zhang, Y. Lu and Y. Yin, Nano Lett.,
2013, 13, 264-271.

12 D. Niculaes, A. Lak, G. C. Anyfantis, S. Marras, O. Laslett,
S. K. Avugadda, M. Cassani, D. Serantes, O. Hovorka,
R. Chantrell and T. Pellegrino, ACS Nano, 2017, 11,
12121-12133.

13 B. P. Bastakoti, J. Bentley, D. McLauren, S. Yusa, S. Shaji,
N. R. Mucha, D. Kumar and T. Ahamad, J. Mol. Lig., 2020,
305, 112785.

14 T. Zheng, J. Pang, G. Tan, J. He, G. L. McPherson, Y. Lu,
V. T. John and J. Zhan, Langmuir, 2007, 23, 5143-5147.

15 V. T. A. Nguyen, M. Gauthier and O. Sandre, Nanomaterials,
2014, 4, 628-685.

16 C. Garcia, Y. Zhang, F. DiSalvo and U. Wiesner, Angew.
Chem., Int. Ed., 2003, 42, 1526.

17 M. Konefal, P. Cernoch, V. Patsula, E. Pavlova, ]J. Dybal,
K. Zaleski and A. Zhigunov, ACS Appl. Mater. Interfaces,
2021, 13, 9195-9205.

18 H. Hsueh, Y. Huang, R. Ho, C. Lai, T. Makida and
H. Hasegawa, Adv. Mater., 2011, 23, 3041-3046.

19 G. Floudas, B. Vazaiou, F. Schipper, R. Ulrich, U. Wiesner,
H. Iatrou and N. Hadjichristidis, Macromolecules, 2001, 34,
2947-2957.

20 T. N. Hoheisel, K. Hur and U. Wiesner, Prog. Polym. Sci.,
2015, 40, 3-32.

21 K. Hur and U. Wiesner, Adv. Polym. Sci., 2013, 262, 259-294.

22 S.C.Warren, F. J. DiSalvo and U. Wiesner, Nat. Mater., 2007,
6, 156-161.

23 B. C. Garcia, M. Kamperman, R. Ulrich, A. Jain, S. M. Gruner
and U. Wiesner, Chem. Mater., 2009, 21, 5397-5405.

24 M. Templin, A. Franck, A. du Chesne, H. Leist, Y. Zhang,
R. Ulrich, V. Schadler and U. Wiesner, Science, 1997, 278,
1795-1798.

25 D. Zhao, J. Feng, Q. Huo, N. Melosh, G. H. Fredrickson,
B. F. Chmelka and G. D. Stucky, Science, 1998, 279, 548-552..

26 P. Yang, D. Zhao, D. I. Margolese, B. F. Chmelka and
G. D. Stucky, Nature, 1998, 396, 152-155.

27 J. Lee, M. C. Orilall, S. C. Warren, M. Kamperman, F. J.
DiSalvo and U. Wiesner, Nat. Mater., 2008, 7, 222-228.

Soft Matter, 2024, 20, 2767-2776 | 2775


https://doi.org/10.1039/d3sm01622f

Published on 05 March 2024. Downloaded by Cornell University Library on 3/25/2024 7:43:12 PM.

Paper

28 J. Llandro, D. M. Love, A. Kovacs, J. Caron, K. N. Vyas, A. Kakay,
R. Salikhov, K. Lenz, ]J. Fassbender, M. R. ]J. Scherer, C.
Cimorra, U. Steiner, C. H. W. Barnes, R. E. Dunin-Borkowski,
S. Fukami and H. Ohno, Nano Lett., 2020, 20, 3642-3650.

29 ]J. Allgaier, A. Poppe, L. Willner and D. Richter, Macromolecules,
1997, 30, 1582-1586.

30 P. A. Beaucage, GitHub. 2020. XRayExtensions. https://
github.com/pbeaucage/XRayExtensions/tree/master/User%
20Procedures/PB.

31 T. Hashimoto, Y. Nishikawa and K. Tsutsumi, Macromolecules,
2007, 40, 1066-1072.

32 K. A. Cychosz, R. Guillet-Nicolas, J. Garcia-Martinez and
M. Thommes, Chem. Soc. Rev., 2017, 46, 389-414.

33 V. Zelenak, A. Zelenakova, J. Kovac, U. Vainio and N.
Murafa, J. Phys. Chem. C, 2009, 113, 13045-13050.

2776 | Soft Matter, 2024, 20, 2767-2776

View Article Online

Soft Matter

34 M. Tadic, M. Panjan, B. V. Tadic, S. Kralj and ]. Lazovic,
Ceram. Int., 2022, 48, 10004-10014.

35 H. Sawada, Mater. Res. Bull., 1996, 31, 141.

36 A. P. Balan, S. Radhakrishnan, C. F. Woellner, S. K. Sinha,
L. Deng, C. De Los Reyes, B. M. Rao, M. Paulose, R.
Neupane, A. Apte, V. Kochat, R. Vajtai, A. R. Harutyunyan,
C. Chu, G. Costin, D. S. Galvao, A. A. Marti, P. A. van Aken,
O. K. Varghese, C. S. Tiwary, A. M. M. R. Iyer and
P. M. Ajayan, Nat. Nanotechnol., 2018, 13, 602-609.

37 Y. Sui, F. Lu, X. Liu, Y. Zhang, X. Sun and C. Liu, Phys. Lett.
A, 2021, 408, 127488.

38 J. Detzmeier, K. Koniger, T. Blachowicz and A. Ehrmann,
Nanomaterials, 2021, 11, 800.

39 A.S. Koshikawa, J. Llandro, M. Ohzeki, S. Fukami, H. Ohno
and N. Leo, Phys. Rev. B, 2023, 108, 024414.

This journal is © The Royal Society of Chemistry 2024


https://github.com/pbeaucage/XRayExtensions/tree/master/User%20Procedures/PB
https://github.com/pbeaucage/XRayExtensions/tree/master/User%20Procedures/PB
https://github.com/pbeaucage/XRayExtensions/tree/master/User%20Procedures/PB
https://doi.org/10.1039/d3sm01622f



