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Synthesis and Characterization of Magnetic Cerium
Oxide-Iron Oxide Hybrid Nanoparticles for Reactive
Oxygen Species Production
Merve İlgar, David J. Morgan, Eun Byoel Kim, Igor L. Bolotin, and Preston T. Snee*

Cerium oxide nanoparticles (NPs) have excellent redox properties
that enable biomedical functionalities. Similarly, magnetic NPs are
emerging as important materials in related areas such as
magnetic resonance imaging. Reported here are procedures to
synthesize cerium oxide–iron oxide hybrid nanoparticles
(CINPs) through the high-temperature thermal decomposition

of metal oleate precursors. Varying both the temperature and rel-
ative precursor ratios avoided the formation of Fe3O4/CeO2 Janus-
like NPs, rather, the CINPs have a blended cerianite–magnetite
structure. The potential for utilization of CINPs for various bio-
applications such as photodynamic therapy and magnetic
resonance imaging applications are demonstrated.

1. Introduction

Nanomaterials are highly efficient for a variety of applications
because both the chemical compositions and structural morphol-
ogies can be tuned over a wide range. For example, the magnetic,
optical, and electrical characteristics of metal oxide nanoparticles
can be controlled through synthetic means.[1] Surface modifica-
tions are also facile, and in fact are generally necessary to enable
functionality in various biomedical applications such as magnetic
resonance imaging, targeted drug delivery, biosensing, bio-
separation, and tissue engineering.[2–7] In this regard magnetite
(Fe3O4) and maghemite (γ-Fe2O3) iron oxide nanoparticles
(IONPs) ranging in size from 3 to ≈100 nm[8–11] have been exten-
sively studied due to their excellent biocompatibility.[12–14] They
have size tunable magnetic properties and express both chemical
stability and low toxicity under physiological conditions.

Blending IONPs with cerium oxide nanoparticles (CONPs) is of
interest[15] due to the latter’s antioxidant properties that arise due to

their oxygen affinity, redox properties, environmental impact, and
surface chemistry.[16–18] CONPs are hard, radiation tolerant high
bandgap luminescent materials with a fluorite crystal structure.[19,20]

The complex surface chemistry of CONPs enable either the produc-
tion or scavenging of reactive oxygen species (ROS)[21] depending
on local environmental factors (e.g., pH).[22–24] For example, CONPs
can exhibit superoxide dismutase-like activity by converting super-
oxide to hydrogen peroxide, the accumulation of which increases
toxicity and enables anti-cancer radiotherapies.[25,26] Conversely,
CONPs with a high proportion of surface Ce4þ can act as a catalase
mimic and scavenge peroxide.[27] In the context of radiotherapy
applications, the multifaceted redox chemistry of CONPs allow them
to induce cancer cell death while simultaneously protecting healthy
tissue from radiation-induced damage and oxidative stress.[25,28]

As such, cerium oxide nanoparticles play an important role in
bio-applications such as photodynamic therapy (PDT) for the selec-
tive destruction of targeted damaged cells.[29]

CONPs and IONPs are frequently synthesized via aqueous
co-precipitation[30,31] or hydrothermal methods,[32–34] sol–gel,[35]

or by high-temperature decomposition of metal oleate precur-
sors in the presence of surfactants that impart colloidal stability
and enable size control.[8,36–38] The latter method often renders
hydrophobic products that require surface modification for bio-
logical applications.[39–42]

Core/shell and Janus structures of various metal oxide nano-
particles can be synthesized to realize newmultifunctional hybrid
nanostructures.[15,43] Additionally, solid solutions can create new
materials with different properties, such as cerium orthoferrite
(FeCeO3) that has enhanced oxidation reactivity. Reported here
is the synthesis of cerium oxide-iron oxide hybrid nanoparticles
(CINPs), where the colloidal synthetic approach created a novel
blend of Fe3O4 and CeO2, as opposed to conjoined Janus, core/
shell nanoparticles, or solid solutions. The CINPs display both the
magnetic properties of magnetite and the ROS production capa-
bilities of ceria, which enable applications as contrast agents and
ROS agents in photodynamic therapy.[44]
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2. Results and Discussion

Nanoparticles of iron oxide (IONPs), cerium oxide (CONPs), and
iron/cerium oxide blends (CINPs) were prepared and character-
ized by a variety of methods. First, IONPs synthesized at
275 °C, 300 °C, and 325 °C were examined using Fourier transform
infrared spectroscopy (FTIR) spectroscopy as shown in Figure 1A.
All species display peaks in the 500 ! 580 cm�1 range, which is
indicative of Fe-O vibrations.[45] Furthermore, this resonance
slightly blue shifts with increasing preparation temperature,
which is indicative of a transformation from Fe2O3 to a Fe3O4

(magnetite) phase. The IONPs prepared at lower temperatures
have bands at 1217, 1365 and 1738 cm�1 that appear to be either
red- or blue-shifted oleic acid features, although we note that
there is minimal consensus in the literature as per the structure
and assignments of the FTIR spectra of IONPs. The IONP-325 FTIR
spectrum is missing these features, and instead has 800 and
905 cm�1 peaks as well as a broad 1020!1090 cm�1 feature that
are likely due to Fe-OH surface species.[46] Overall, these data sug-
gest that the surface passivation of IONPs is highly dependent on
the synthesis temperature. The results of X-ray diffraction (XRD)
analysis shown in Figure 1B reveal a small Fe2O3 (hematite) com-
ponent in the IONP-275 sample; however, the characteristic peaks
of the cubic magnetite Fe3O4 phase at 2θ = 30.1o (220),
35.5o (311), 43.1o (400), 57.0o (511), and 62.6o (440) are overall
dominant.[47] Note that magnetite is a better fit to the data than
the closely related γ-Fe2O3 (maghemite) structure. The narrow
peaks observed in the XRD suggest large crystalline materials,
which is consistent with the transmission electron microscopy
(TEM) image of IONPs shown in Figure 1C that reveal

rectangular-shaped particles over a 6! 36 nm size range. Higher
resolution TEM images shown in Figure S2 of the Supporting
Information reveal lattice fringes at 0.51 (111)0.31 (220),
0.26 (311), and 0.15 nm (440), consistent with the cubic magnetite
phase. The sum of these characterizations suggests that the syn-
thesis at 325 °C resulted in a greater conversion of the iron oleate
into the iron oxide (magnetite vs hematite) product, and that the
synthesis temperature is also responsible for differences of sur-
face passivation (oleate vs hydroxide). What is curious is that
the homogeneity of particles in size and shape is suboptimal
compared to previous reports using similar protocols that
employed sodium oleate as a precursor.[8,11] Thus, despite the
greater solubility of potassium in organic solvents, the use of
the sodium salt appears to confer greater size homogeneity.

The FTIR spectra of CONP samples synthesized at 185 °C,
225 °C, and 265 °C are shown in Figure 1D. The two intense peaks
at 2920 and 2850 cm�1 can be attributed to the symmetric and
asymmetric C─H stretch oleate─CH2 groups, as well as the peak at
721 cm�1 that represents the rocking mode.[48] Additionally, the
broad features centered at 1430 cm�1 are found in the oleic acid,
cerium oleate, and the CONP nanoparticle spectra. The 1535 cm�1

peak has been attributed to carboxylates binding to the CeO2 sur-
face;[49] other features seen in Figure 1D have been observed in
previous studies.[50] Overall, the FTIR results suggest the successful
preparation of ceria materials that are coated by oleate, albeit per-
haps with a low reaction yield. The XRD spectra of CONPs samples
are provided in Figure 1E. The width of the diffraction peaks sug-
gests that either the materials are very small or amorphous
(or both), which isn’t improved by growth at higher temperatures.
The TEM micrograph shown in Figure 1F and S3, Supporting

Figure 1. A) FTIR spectra of fe(Ole)3 and various IONPs reveal decomposition of the iron oleate starting material into NP products. B) XRD of IONPs largely
conform to the magnetite structure. Some hematite features are observed in the sample prepared at 275 °C. C) TEM of IONP-325 reveal large, somewhat
heterogeneous particles, which is consistent with the sharp XRD resonances. D) FTIR spectra of Ce(Ole)3 and various CONPs are very similar, indicating per-
haps a low yield of CeO2 NPs. E. XRD diffractograms of various CONP samples reveal a lack of crystallinity. F) TEM image of an amorphous ≈20 nm CONP
particle suggests the broad XRD features is due to a lack of long-range crystallinity.
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Information, distinguished between these possibilities as
≈5 ! 20 nm particulates are observed with minimal discernable
lattice fringes, which leads to the conclusion that the ceria NPs
are largely amorphous. It is notable that it is difficult to obtain
phase pure CeO2 due to cerium’s redox chemistry, potential for
multiple crystal structures, and the fact that hydrates can affect
the crystallinity of the solid state material.[51]

CINP nanoparticles were prepared by thermal decomposition
of cerium and iron oleate at 325 °C. The FTIR data of the samples
prepared with 5:1 and 9:1 Ce(Ole)3 to Fe(Ole)3 precursor ratios
shown in Figure 2A are very similar to the CONPs. The carboxyl-
ate peaks from CONPs located at 1540 and 1430 cm�1 shift
slightly, and a Fe─O metal–oxygen bond vibration peak is
observed over the 585 ! 570 cm�1 range for all the CINP sam-
ples. This peak is most prominent in the 2:1 cerium to iron oleate
precursor ratio sample. XRD diffractograms of all the CINPs are
shown in Figure 2C. Despite synthesis at 325 °C, the temperature
at which IONPs fully realize magnetite crystallinity, the CINP XRD
patterns are relatively muted, which implies less crystallinity.
Furthermore, what features are discernable cannot be fully attrib-
uted to Fe2O3, Fe3O4, CeO2, CeFeO3 (perovskite), CeFe2O5, or
Ce3Fe5O12. We propose that CINP structures are best character-
ized as a distortion of an underlying Fe3O4 crystal structure.
This is based on the fact that the CINP:2-1 pattern is most closely
matched to magnetite, albeit at higher d-spacings, and the fact
that the XRD peaks of CINP:5-1 further shift to higher d-spacings.
These shifts can be attributed to a lattice expansion due to the
inclusion of larger cerium ions.[52–55] For example, the strong
2θ = 29° feature observed in the CINP-5:1 diffractogram may

originate from the 220 (2θ = 30.1°) lattice plane of Fe3O4.
These XRD data are complemented by electron microscopy;
for example, the TEM data of the CINP-5:1 shown in Figure 2D
reveal lattice fringes of ≈0.31 nm periodicity are observed which
corresponds to the intense 2θ = 29° XRD feature. At the same
time, the high-resolution TEM shown in Figure S4, Supporting
Information, reveal 0.24 and 0.28 nm lattice spacings for
CINP:5-1, which neither correspond to any XRD feature nor are
not particularly assignable to any cerium or iron oxide, nor known
admixtures of the two.

The inclusion of more cerium in the CINP-9:1 sample prepared
at a high cerium to iron oleate precursor ratio results in a feature-
less XRD pattern. Furthermore, the CINP-9:1 NPs observed in
Figures 2E and S5, Supporting Information, are ≈10 nm, which
is large enough to provide reasonably sharp XRD peaks if the
samples were crystalline, implying that these nanomaterials
are amorphous structure. This is reflected in the fact that the
high-resolution TEM images reveal particles with no observable
lattice fringes for the most part, although in a few instances a
0.28 nm lattice spacing is observed that is assignable to the
(200) lattice spacing of CeO2.

While the XRD of CINP:5-1 can be attributed to a distortion of
Fe3O4 by cerium ions, the same is not true for the CINP:9-1 sample
due to its broad and near-featureless diffraction spectrum. As a
result, XPS analyses were performed to characterize the elemental
content. The survey spectra of all CINP samples shown in Figure 2B
reveal cerium and iron peaks at ca. 885 and 710 eV, respectively.
Unfortunately charging effects created uncertainty in the binding
energy positions, which hampered precise chemical identification.

Figure 2. A) FTIR spectra of CINP NPs reveal a transition from a CONP to IONP features as a function of increasing iron content. B) XPS survey spectra of
CINP samples reveal the presence of iron and cerium. C) XRD diffractograms of CINPs are best described as a distortion of an underlying magnetite phase
that shifts due to a lattice expansion. D) TEM image of CINP-5:1 reveals polydisperse particles that vary in size from 5 ! 15 nm. Lattice fringes are
observed in some NPs. E) TEM of CINP-9:1 reveal ≈10 nm particles with minimal discernible crystallinity, which is consistent with XRD characterization.
F) Vibrating-sample magnetometer characterization reveals superparamagnetic behavior in IONP-325 and CINP-9:1 NPs.
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Regardless, the XPS spectra in the Ce3d region shown in Figure S6
of the Supporting Information appear to suggest a predominant
Ce(III) composition, although the CONP sample may have some
Ce(IV) content based on the broadness of the Ce3d3/2 900 eV fea-
ture.[38] The Fe 2p3/2 region at ≈711 eV shown in Figure S6,
Supporting Information, indicate the presence of Fe(III). The XPS
data were used to determine the elemental composition as shown
in Table S1, Supporting Information. Both the CINP-9:1 and
CINP-2:1 reveal a ≈20% iron content while the CINP-5:1 was
≈50%. As a result, the XPS results are not correlated to the prepa-
ration conditions, which may simply be due to the presence of
excess cerium or iron due to inefficient processing (this problem
has hampered characterization of other metal chalcogenide nano-
materials, see ref. [56]). Regardless, the cerium and iron content
must originate from the same nanomaterials, otherwise the
phase-pure particles would have been discernable in the XRD pat-
terns. The carbon and oxygen peaks (285 and 530 eV, respectively)
likely originate from the substrate and oleic acid ligands.

Magnetic properties were characterized using a vibrating-
sample magnetometer (VSM) to examine the iron oxide content
of the CINP samples. The VSM profiles for IONP-325 and CINP-9:1
shown in Figure 2F reveal the absence of a hysteresis loop and
minimal coercivity, which is consistent with super paramagne-
tism.[51] The magnetization value of IONPs was found to be
42 emu g�1, which decreased with increasing cerium content.
Specifically, the CINP-9:1 magnetization of 4.7 emu g�1 was
≈9-fold less than the pure IONP and correlates to the stoichiom-
etry of the cerium to iron oleate precursor ratio. At the same time,
the CINP’s magnetic properties are significantly greater than
observed with CeO2, which is formally diamagnetic yet NPs do
show some ferromagnetism due to surface chemistry effects
via oxygen vacancies.[57]

As IONPs are not well known for photochemical generation of
ROS, the ability of CINPs to retain photochemical ROS generation
capability was investigated. To this end the CINP-9:1 sample was
first water solubilized using 40% octylamine-modified poly(acrylic
acid) and then tested for the photochemical generation of ROS by
the quenching of p-nitrosodimethylaniline absorption in the
presence of imidazole. This test was applied due to the sensitivity
for the presence of hydroxyl radicals, which are expected to be
produced by CeO2 and Fe3O4 NPs.[58–60] Additionally, the CINP 9:1
sample was applied to minimize the potential for free iron to insti-
gate Fenton-type chemistry that produced hydroxy radicals.[59]

Note that the polymer-encapsulation mechanism is well-established
and confers stability to erstwhile hydrophobic NPs;[61–63] further-
more, encapsulation does not significantly impede photochemi-
cal catalysis.[64] Figure S7, Supporting Information, shows the
concentration dependent change in the ROS-reporting chromo-
phore’s absorbance as a function of UV irradiation exposure time.
Integration of the dye absorption reveals quenching as a function
of CINP-9:1 concentration as shown in Figure 3. Compared to a
control, the dye quenching above a threshold concentration
(0.04 mgmL�1 as seen in Figure 3) is greatly accelerated during
photolysis in the presence of CINP, which we attribute to greater
ROS generation and reveals the applicability of these hybrid
nanostructures for use in PDT applications. Concerning the

mechanism of ROS production, the high content of Ce3þ indicates
oxygen vacancies, which enables the photochemical generation
of ROS such as superoxo and peroxo in water.[65] Furthermore, it is
possible that superoxide can be converted to peroxide,[66] and for
the iron oxide to convert the peroxide into hydroxy radicals.[58]

Thus, it is possible that CeO2/Fe2O3 hybrid materials have syner-
gistic interactions that enhance the production of hydroxy radi-
cals.[59,60] An additional dynamic concerns previous research with
co-precipitated CeO2/Fe2O3 composite nanospindles that found
evidence for enhanced catalytic activity due to sequestration
of electron and hole carriers between cerium and iron, respec-
tively, which enhances the excited state lifetime.[67] The splitting
of charge carriers enables each species to produce multiple ROS
species such as hydroxyl radicals via oxidation and reduced
superoxide anions, which has been observed in photochemical
organic dye degradation[68–71] as well as in studies of the antimi-
crobial properties[72] of hydrothermal prepared co-precipitated
CeO2/Fe2O3 nanocomposites.

3. Conclusions

Colloidal IONPs and CONPs samples were synthesized using
Ce(Ole)3 and Fe(Ole)3. While all cCONP samples were amorphous,
the iron oxide achieved good magnetite crystallinity at a 325 °C
growth temperature. For this reason, the same temperature was
applied for the synthesis of cerium oxide-iron oxide NPs at various
precursor ratios. XPS analyses revealed the presence of both iron
and cerium, and both FTIR and XRD characterizations indicated the
formation of a product best described as a hybrid of Fe3O4 and
CeO2 due to the presence of a distorted magnetite structure for
samples prepared at a high iron to cerium ratio. The various
CINP materials displayed the superparamagnetic characteristics
of iron oxide nanoparticles coupled with the ROS generation capa-
bility of ceria. As a result, these hybrid nanostructures hold great
potential for biomedical applications. For example, magnetic sep-
aration and/or guidance of these nanostructures is feasible, as well
as acting as an MRI contrast agent. At the same time, the high Ce3þ

Figure 3. Time-dependent quenching of a reactive oxygen species (ROSs)
sensing dye reveals the presence of ROS as the concentration of CINP-9:1
increases beyond a threshold of 0.044 mgmL�1 catalyst, which represents
a threshold for detection using this mechanism.
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content of these materials engenders toxicity and enables many
anti-cancer activities,[73,74] and as a photosensitizer in MRI and
PDT applications, respectively.

4. Experimental Section

Chemicals and Materials

Cerium (III) chloride heptahydrate (CeCl3·7H2O, 99%) and imidazole
(99%) were purchased from Alfa Aesar, iron chloride hexahydrate
(FeCl3 · 6H2O, 97%), 1-octodecene (technical grade, 90%), oleic acid
(technical grade, 90%) were obtained from Sigma–Aldrich, potassium
hydroxide, 2-propanol (ACS), and ethanol were purchased from Fisher
Chemical. Spectra/Por Float-A-Lyzer G2 dialysis tubes (300 kDa MWCO)
were purchased from Millipore. N, N-Dimethyl-4-nitrosoaniline
(98.0þ%) was purchased from TCI America. Oleic acid was recrystal-
lized prior to use while all the materials were used without further
purification.

Synthesis of Metal Oleates: Iron Oleate

Into a 2-neck 250mL round bottom flask was added 1.3515 g
FeCl3 · 6H2O (5 mmol) with 5mL D.I. water, which was stirred until dis-
solved. The flask was then heated to reflux in an oil bath. Next, 4.312 g
of oleic acid (15mmol) and 0.8415 g of potassium hydroxide (15mmol)
were dissolved into a solution of 10mL ethanol, 2.5mL distilled water,
and 17mL hexane that was next added dropwise into the stirring FeCl3
solution. The solution was stirred under an N2 atmosphere at 70 °C for
4 h. Afterwards, the solution was washed 4� with distilled water, after
which the burgundy-brown organic layer was separated and dried. The
remaining free oleic acid and by-products were removed by centrifu-
gation (3� for 10min at 3500 RPM) with isopropyl alcohol. Finally, the
brown-orange precipitate that was separated by centrifugation was
heat treated in an oil bath at 70 °C for 5 h.

Synthesis of Metal Oleates: Cerium Oleate

Into a 2-neck 250mL round bottom flask was added 1.2324 g CeCl3
(5 mmol) with 5mL distilled water, which was stirred until dissolved.
The flask was then heated to reflux in an oil bath. Next, 4.312 g oleic
acid (0.015mol) and 0.8415 g of potassium hydroxide (0.015mol)
were dissolved into a solution of 10 mL ethanol, 2.5 mL distilled
water, and 17mL hexane that was next added dropwise into the stir-
ring CeCl3 solution. The solution was stirred in an oil bath and under
an N2 atmosphere at 70 °C for 4 h. Afterwards, the solution was
washed 4� with distilled water. The pale-yellow organic layer was
separated and centrifuged (30 min at 3500 RPM) with isopropyl alco-
hol to remove excess oleic acid and by-products. The pale-yellow pre-
cipitate, separated by centrifugation, was dried under a vacuum for
4 h to obtain the final product.

The FT-IR spectra of oleic acid, Fe(Ole)3, and Ce(Ole)3 are shown in
Figure S1 of the Supporting Information. Successful preparation of
the metal oleate precursors was verified by the lack of the character-
istic 1710 cm�1 band of free oleic acid.[75,76]

Synthesis of Metal Oleates: Synthesis of IONPs

Into a 50 mL 3-neck round bottom flask was added 0.0564 g recrystal-
lized oleic acid (0.2 mmol), 0.18 g of Fe(Ole)3 (0.2 mmol), and 10mL of
1-octadecene. The flask was kept under vacuum for 30 min while

stirring. Afterwards, the solution was heated to 275 °C under an
N2 atmosphere and held at that temperature for 20min. Before char-
acterization the IONPs were precipitated by addition of hexane and
were isolated by centrifugation, followed by vacuum drying. IONPs
were also prepared at 300 °C and 325 °C.

Synthesis of Metal Oleates: Synthesis of CONPs

Into a 3-neck 50 mL round bottom flask was added 0.0564 g oleic
acid (0.2 mmol), 0.198 g of Ce(Ole)3 (0.2 mmol), and 15mL of
1-octadecene, which were mixed at 60°C until a homogeneous solu-
tion was obtained. Next, it was cooled to room temperature under
vacuum over the course of 30min. Afterwards, the flask was put
under an N2 atmosphere and was heated to 185 °C for 2 h. The
CONPs were precipitated by isopropanol and isolated by centrifuga-
tion, followed by vacuum drying before characterization. CONPs were
also prepared at 225 °C and 265 °C.

Synthesis of Metal Oleates: Synthesis of CINPs

For CINPs synthesized at a 2:1 molar cerium to iron ratio, first 0.0599 g
Fe(Ole)3 (0.0666 mmol) was added to 5 mL 1-octadecene in a glass
vial. The iron oleate was mixed until dissolution, and the solution was
then degassed under vacuum for 30 min and was subsequently
stored under an N2 atmosphere. Into a 3-neck 50 mL round bottom
flask was added 0.0564 g oleic acid (0.2 mmol), 0.1316 g Ce(Ole)3
(0.0133 mmol), and 10mL 1-octadecene. The solution was mixed
at 60 °C until homogeneous. Afterwards it was cooled to room tem-
perature while under vacuum over the course of 30 min. Next, the
flask was put under an N2 atmosphere and was heated to 185 °C
for 2 h, and then heated to 325 °C. The Fe(Ole)3 solution was then
rapidly injected into the flask, and the mixture was stirred for
20 min while maintaining the high temperature. The dark brown
solution was processed by precipitation with isopropanol followed
by isolation by centrifugation. The solids were dried under vacuum
before characterization. The same process was repeated at 5:1 and
9:1 Ce(Ole)3 to Fe(Ole)3 precursor ratios.

Synthesis of Metal Oleates: Preparation of Water
Solubilized CINPs

The polymer encapsulating agent 40% octylamine-modified
poly(acrylic acid) was prepared according to literature proce-
dures.[40,61] A 0.74 g portion of the CINP-9:1 in growth solution
was processed by dissolution in hexane followed by precipitation
via the addition of a co-solvent (isopropanol) and then a non-solvent
(methanol) in several cycles. A solid pellet was isolated by centrifu-
gation and then dried; typically, 15 mg was obtained. Next, the pellet
was dissolved in chloroform, followed by addition of 50mg of 40%
octylamine modified poly(acrylic acid). After sonication to assure the
polymer had dissolved, the chloroform was removed under vacuum,
leaving a residue that was dissolved with ≈1mL of a 0.1 M NaOH solu-
tion and diluted to a total of 10.8 mL with DI water. The sample
underwent dialysis against DI water in a 300 kDa MWCO dialysis tube
until the pH was neutral.

Synthesis of Metal Oleates: Characterizations

Fourier transform infrared spectroscopy (FT-IR) analysis was per-
formed with a Thermo Scientific Nicolet iS5 FT-IR Spectrometer incor-
porating an iD7 Diamond ATR with a resolution of 4 cm�1 over a
400–4000 cm�1 range. XRD analysis was performed with a Bruker
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D8 Advance diffractometer with a Cu Kα radiation source
(λ = 1.5418 Å) operating at 40 kV and 40 mA. TEM micrographs were
obtained with a JEOL-JEM-3010 transmission electron microscope at
300 kV HT accelerating voltage at 0.14 nm resolution. X-ray photo-
electron spectroscopy (XPS) was performed using a system built
within the laboratory utilizing a monochromatic Al Kα X-ray source.
Spectra were calibrated against an aliphatic C1s peak, taken to be
285 eV (� 0.2 eV). Spectra were processed using CasaXPS. Vibrating
sample magnetometry (VSM) was performed using Quantum Design
PPMS-9 T to characterize the magnetic behavior of the samples at
room temperature in the field range of �50 kOe.

ROS measurement. The capacity for CINP samples to photochemically
generate ROS species (hydroxide radical, superoxo, and singlet oxy-
gen) was evaluated by the absorptive quenching a chromophore as
per the protocol of ref. [77]. A stock solution of an ROS sensing chro-
mophore was prepared by dissolving 109mg imidazole (1.6 mmol)
with 1.5 mg (0.01 mmol) p-nitrosodimethylaniline dye in
100mL DI water. Next, individual portions of a water-solubilized
≈1.5 mgmL�1 CINP-9:1 dispersion in water (0.156, 0.322, and
0.644mL) were added with 1.611 g of the dye stock solution and
diluted to a total of 5 mL with DI water. A control sample containing
5mg of the water-solubilizing polymer was also prepared. The vari-
ous samples including control were loaded into 5 mL quartz cuvettes
(Starna Scientific) with a small stir bar and were tightly capped. The
samples were placed in the air-cooled cavity of a Rayonet UV pho-
tolysis chamber for ≈1, 2, or 5 min intervals while stirring,
followed by characterization by UV/Vis absorption spectroscopy with
a Cary Bio 300. The Rayonet photolysis system was equipped
with 16� 8W UV light bulbs from Interlight (Hammond, IN).
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