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Abstract
Hypothesis

Cerium oxide nanoparticles were synthesized using a hydrothermal approach with citric acid as a
stabilizing agent. Citric acid adsorption onto the nanoceria particle surface can cease particle formation
and create a stable dispersion for an extended shelf life. The product was dialyzed immediately
following the synthesis to remove unreacted cerium that could contribute to biological effects.
Nanoparticle characterization results are expected to help identify the surface citrate bonding structure.

Experiments

Many characterization techniques were utilized to determine size, morphology, surface properties, and
citrate complexation on the nanoceria particle surface. These included transmission electron
microscopy, electron energy loss spectroscopy, dynamic light scattering, x-ray diffraction,
thermogravimetric analysis, Fourier-transform infrared spectroscopy, Raman spectroscopy, UV-Vis
absorption spectroscopy, zeta potential, and *3C solid-state nuclear magnetic resonance spectroscopy.

Findings

Primary particles were hexagonal, determined to be 4.2 nm in diameter. The hydrodynamic diameter of
the dialyzed product was 10.8 nm. Each agglomerate was estimated to contain an average of 5.7
particles. The citrate coating contained 2.8 citrate molecules/nm?, corresponding to an approximate
citrate monolayer. Citrate complexation with the nanoceria surface includes the central carboxyl
geminal to the hydroxyl and perhaps one of its terminal carboxyl groups.
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Highlights

e Cerium ions, known to produce adverse biological effects, are removed by dialysis
e Characterization of citrate-coated nanoceria prepared via hydrothermal synthesis
e Results include size and morphology, surface composition, and crystallinity

e |nvestigation of the ceria-citrate complexation bonding structures



1. Introduction

1.1 Background

Ceria (Ce0O>) has been utilized in oxidative catalysts [1, 2], engine exhaust purification [3], diesel fuel
additives [4], UV absorbing materials [5, 6], sunscreens [7, 8], heat resistant alloy coatings [9], solid
oxide fuel cells [10], solid electrolytes [11], semiconductor manufacturing [12], and polishing [13]. There
is high interest in nanosized materials due to their unique material properties, low manufacturing cost,
decreased toxicity, and greater mobility than the bulk material. Nanoceria particles are useful in a
variety of material, chemical, and medical applications. Interest has recently sparked for nanoceria use
in biomedical applications [14, 15]. The therapeutic potential of nanoceria includes treating/addressing
cancer [16, 17], radiation-induced damage [18, 19], cardiac dysfunction [20, 21], neurodegenerative
diseases [22, 23], retinal degeneration [24, 25], and wounds [26] to name a few.

For nanoceria particles to be effective in biomedical applications, small size with little variance, and high
colloidal stability are instrumental for positive, meaningful outcomes. The oxidative stress effects of
larger (= 30 nm) ceria particles and its biodistribution from blood revealed cerium concentrated in the
spleen and liver, but little in the brain [27, 28]. The toxicity of nanoceria is quite low, however large
aggregated ceria particles produced granuloma in the lungs and liver, and fibrosis in the lungs [28-30].
Aggregated nanoparticles are generally immunotoxic, while stable, non-aggregated nanoparticles show
little to no toxicity [31]. Dissolution studies have shown nanoceria degradation in acidic environments,
accelerated by carboxylic acids, as present in phagolysosomes and in the plant rhizosphere. The
dissolution rate was determined to be directly proportional to the particle surface area [32, 33].
Exposure of citrate-coated nanoceria particles to simulated lung, gastric, and intestinal fluids resulted in
loss or overcoating of the surface citrate, and in some cases, agglomeration [34]. Ceria is a well-known
redox catalyst, which provides the basis as a versatile material to be used in a wide variety of
applications. The cerium atoms on the surface can store or release oxygen, cycling between Ce3* and
Ce* ions [35-37]. A reduction of particle size is typically accompanied by an increase in Ce* ions. An
increase of Ce® ions and oxygen vacancies within the crystal structure causes lattice strain which
increases the lattice parameter [38].

Nanoceria can be stabilized and particle growth (agglomeration) prevented by coating with citric acid
[39-41]. The negative charges present on citric acid’s carboxylic acid groups act as repelling agents with
other citrate-coated nanoceria particles to create a stable, colloidal sol. Analysis of 3-10 nm nanoceria
particles revealed that they were predominantly truncated octahedrals [42]. The understanding of
nanoparticle behavior in the environment is important due to concerns for their potential to interact
with drinking water systems and reservoirs. The uncertainties come from the lack of understanding of
their surface structure and energies [43].

Numerous methods have been used and reported to fabricate nanoceria particles including precipitation
[44, 45], sol-gel [46, 47], spray hydrolysis [48], spray pyrolysis [49], sonochemical [50, 51],
microemulsion [52], microwave-assisted hydrothermal [53, 54], and hydrothermal [39, 55, 56]. This
work is based on a hydrothermal method, which produces ~5 nm nanoceria relevant to environmental
and biological applications. The objective was to prepare a pure product, to avoid cerium ion
contamination, and characterize, in detail, citrate-coated nanoceria to further understand the properties
of a nanoparticle coating interface. Many characterization techniques were implemented to determine
size, morphology, surface properties, and citrate complexation on the surface of nanoceria particles.



1.2 Cerium lon Toxicity

To obtain a pure nanoceria product, it is necessary to remove the unreacted cerium ion. Ceria
nanoparticles and the cerium ion interact differently within biological systems. The cerium ion is more
active and toxic compared to ceria nanoparticles. Stark [57] clearly distinguished molecules, or ions, and
nanoparticles as completely separate entities that operate via differing mechanisms in biological milieu.
He also notes that the failure to yield reliable experimental results is a direct result of the lack of
understanding of the differences between particles and molecules. Therefore, unreacted cerium should
be removed from nanoceria following its synthesis.

Compared to the cerium ion, nanoceria particles are less toxic. The cerium ion might contribute to
biological effects that should not be attributed to nanoceria. In previous studies, a 100 mg cerium ion/kg
intravenous (IV) injection was lethal to rats, while only three of eight rats died following an IV injection
of 250 mg of 5 nm nanoceria/kg [58]. Pulmonary inflammatory responses to 0.1 mg/kg cerium ion were
observed, however there were no such changes from 1 mg/kg nanoceria [59]. The LDsg of cerium
chloride in mice was approximately 13 mg/kg [60]. In addition, IV injection into dogs of 50 mg/kg cerium
chloride resulted in deterioration over 21 days [61]. When 9 and 18 mg/kg cerium ion was injected into
rats, they experienced severe hepatotoxicity, including fatty liver and jaundice [62]. In contrast, doses up
to 100 mg/kg of 5, 15, 30, and 50 mg/kg of 55 nm ceria in rats were tolerated for 30 days [63]. Once the
cerium ion enters into the blood steam, it can cause aggregation of plasma proteins [64]. Toxic effects of
high dose rare earth elements (REE), such as cerium, are related to enzyme activity. REEs can enter cells
and bind with macromolecules, and therefore inhibit bodily functions [65].

The pharmacokinetics of nanoceria and cerium ion are also quite different. Four hours following IV
injection of 5, 15, or 30 nm nanoceria or cerium ion into rats, nanoceria was removed from the blood
faster than the free ion [58]. Molina et al. [59] compared the lung clearance of intratracheal (IT) instilled
40 nm nanoceria to cerium ions. Both materials showed slow clearance. After 28 days, 88% of nanoceria
and 74% of cerium ion remained in the lungs. However, in extrapulmonary organs, only 0.9% of
nanoceria and 6.0% of the cerium ion dose were retained. On the other hand, fecal and urinary cerium
ion elimination was much higher than nanoceria. Significant amounts of cerium ion were retained in
most tissues 28 days post-installation, with most in the bone and liver. This relates well to Yokel et al.
[28] where 72% of the total nanoceria dose found in organs was present in the liver, spleen, and bone
marrow after 90 days. Furthermore, 15 days after an IV injection of cerium chloride, 20, 16, 2, and 2%
was in the skeleton, liver, kidneys, and gastrointestinal (Gl) tract, whereas 0.7, 0.5, 0.08, 0.08, and 0.05%
was in the muscle, spleen, lung, testes, and heart, respectively [66, 67].

The potential toxicity is low for inhaled, ingested, or injected nanoceria, however the same is not true
for free cerium ions. Longer tissue retention times, coupled with higher free cerium ion toxicity,
supports the need to remove free cerium before injection of nanoceria. Furthermore, the
pharmacokinetics of each are not analogous. The separation of cerium ions from nanoceria solutions is
critical in order to obtain reliable experimental results.



1.3 Cerium Citrate Complexation

How citrate is bound to the cerium ion has been reported as a variety of possible coordination
complexes [68]. Leal [69] suggested the formula (Cit),Ce*, however the actual structure, i.e. the exact
location of Ce-0 bonds, is unknown. Ohyoshi et al. [70] studied, by ion exchange, complexes resembling
M(H.Cit)*, M(H,Cit),, MHCit, and M(HCit),>, where ‘M’ represents lanthanides. Again, the structures
were not determined, but insight into the number and location of bonds between cerium and
deprotonated carboxylic acids would help to understand the complex formation. Further studies of
citrate complexation with lanthanides led to the suggestion of bifurcated and/or chelated bonds
between carboxylic acid oxygen groups and the metal ion [71-75]. Baggio and Perec [76] reported a
polymeric lanthanum citrate complex consisting of bridged O-C-O groups with a repeat unit of
[La(HCit)(H20)]. This suggests the possibility of multiple citrate molecules bound to one Ce ion and the
idea of a multilayer coating surrounding a metal oxide core. Getsova et al. [77] indicated HCitH as a
common bonding molecule to cerium containing one protonated carboxylic group, and reported that
one Ce®* jon can be bonded to ligands participating in other cerium citrate complexes. Zhang et al. [40]
proposed possible structures of cerium citrate complexation and suggested the possibility of up to three
citrate molecules bound to one cerium cation. Chen et al. [78] reported formation of dimeric complexes
of lanthanide trihydrates with citrate or malate. Models of MHCit and MCit™ are shown in Fig. 5 of Heller
et al [79] where ‘M’ refers to Cm or Eu. The confirmed complexations of MHCit and MCit are
determined based on the location of IR spectrum peaks. Grulke et al. [32] computed the formation
energy of single and bi-ligand citrate-nanoceria complexes in comparison to nanoceria, which revealed
in order of stability: bi-ligand complexes > nanoceria > single-ligand complexes. Bidentate chelating
configurations were also reported as being favored over bridging and monodentate configurations.
Auffan et al. [80] used ATR-FTIR and *C-NMR to show that citrate formed a chelate with Ce(IV) on the
nanoceria surface through its central carboxyl and its a-hydroxyl groups. Much is still unknown about
the complexation of citrate on the nanoceria surface. However, surface ceria citrate complexation will
help address these research gaps.



2. Experimental

2.1 Materials

The following chemicals, including their sources, purity, and CAS #s, used in the nanoceria synthesis, and
adjustment of osmolarity and pH were: cerium(lll) chloride heptahydrate, Sigma, 99.9%, 18618-55-8;
citric acid monohydrate, Fisher, ACS grade, 5949-29-1; ammonium hydroxide, Sigma, ACS grade (28%
NHs; in H,0), 1336-21-6; sodium nitrate, VWR, ACS grade, 7631-99-4; sodium hydroxide, VWR, ACS
grade, 1310-73-2; and nitric acid, Sigma, ACS grade, 7697-37-2. Lacey carbon, 300 mesh, copper grids
(product #01895) from Ted Pella, Inc. were used for electron microscopy. Dialysis tubing from Ward’s
Science (product #s 470163-404 & 470163-408) with a MWCO of 12-14 kDa was used for dialysis against
citric acid and DI water. The citric acid-1,5-13C, used to produce nanoceria to be analyzed by *C-NMR
was from Sigma, 98%, 302912-06-7.

2.2 Synthesis & Purification Methods

Nanoceria was synthesized using a hydrothermal method based on Masui et al. [39]. A cerium chloride
heptahydrate and citric acid monohydrate mixture was added to ammonium hydroxide and stirred. The
final concentrations were 0.25 M cerium chloride, 0.25 M citric acid, and 1.5 M ammonium hydroxide.
The mixture was transferred to an autoclave for 24 h at 50 °C, and then another 24 h at 80 °C. The
product was then dialyzed against 0.11 M (iso-osmotic) pH 7.4 citric acid for 120 h, replacing the
dialysate every 24 h, to remove excess cerium salts (Ce ions) and ammonium hydroxide. This was then
dialyzed against DI water for an additional 72 h, replacing the dialysate every 24 h, to remove
unbounded citric acid from the solution. The dialysate volume was 10x the nanoceria dispersion volume.
The resulting mixture was a stable, well-dispersed sol of ceria nanoparticles dispersed in DI water. It was
stored under refrigeration protected from light. For the instruments that required dry powder, the
dispersion was lyophilized for 48 h.

2.3 Characterization Techniques

Transmission Electron Microscopy (TEM)

The nanoceria sol was diluted with DI water to 0.5 mg/mL, and sonicated for 10 minutes in a sonication
bath. A lacey carbon, 300 mesh, copper grid was dipped into the solution for approximately 5 seconds
and dried overnight at room temperature. Electron microscopy was performed on a Thermo Scientific
Talos F200X. The instrument was operated at an accelerating voltage of 200 keV. TEM images were
recorded on a Ceta CCD camera, and particle size distributions were determined using ImagelJ software.
The mean size (W) and its standard deviation (o) were computed and the low and high range of
measured diameters were reported. Energy-dispersive X-ray spectroscopy (EDS) and electron energy
loss spectroscopy (EELS) were completed on the sample using Thermo Scientific’s SuperX G2 and Gatan’s
Enfinium ER, respectively.



Dynamic Light Scattering (DLS)

Dispersions (0.5 mg/mL) were prepared in water and sonicated for 10 minutes. Using the Brookhaven
90Plus Particle Size Analyzer, five analysis runs of five minutes each were completed for the pre-dialysis,
post-citrate, and post-water dialysis samples, and the average result of each run was analyzed and
recorded. All samples were evaluated using the multimodal setting.

X-ray Diffraction (XRD)

Double-sided sticky tape was attached to a glass microscope slide and dried powder was distributed
across the tape. Measurements were made using a Siemens D500 X-ray diffractometer with Cu Ka
radiation. The analysis was conducted from 25 to 60 degrees 26, 0.01 degree step size, and a speed of 1
degree/min. Sharp, distinct peaks in the XRD spectra indicate a crystalline structure.

Thermogravimetric Analysis (TGA)

TGA (PerkinElmer TGA7) was used to determine the organic weight percent of the sample, in this case,
the weight percent of citric acid bound to the nanoceria surface. This was repeated five times to get an
accurate result of the overall weight percent of citrate. All runs were completed under a nitrogen
atmosphere to prevent organic matter oxidation, resulting in pyrolysis of any organic matter on the
nanoparticle surface. The sample was heated from 20 to 125 °C at 10 °C/min, held at 125 °C for 30
minutes to release physisorbed water, and then heated to 900 °C at 10 °C/min. The weight loss of the
sample beyond 125 °C was taken to be the weight percent of citrate present on the surface. The amount
of citrate groups was computed using the results from TGA and the particle size analysis from TEM
images.

Fourier Transform Infrared Spectroscopy (FTIR)

A Nicolet 6700 FTIR with a diamond ATR crystal was used to detect organic functional groups on the
nanoparticle surface. Lyophilized nanoceria was placed on the crystal and 32 scans were completed,
which was then duplicated using a 2™ batch of coated nanoceria. Peaks at 1365 and 1535 cm™
wavelengths are attributed to the carboxylic acid functional groups present in citric acid.

Raman Spectroscopy

Nanoceria particles were placed on a glass microscope slide. The Raman spectra of the samples were
analyzed on a Thermo Fisher Scientific DXR Raman microscope equipped with an Olympus brand
microscope and a 10x working distance objective. A 780 nm Raman laser with the power set to 10.0 mW
was used for sample analysis. The spot size of the laser beam was 3.1 um. All Raman spectra were
collected in a spectral range of 2500-50 cm™. Each Raman spectrum was an average of five
accumulations consisting of 5 seconds each.



Zeta Potential

An Anton Paar Litesizer 500 Particle Analyzer was used to determine the zeta potential of nanoceria
dispersions at 0.5 mg/mL. 100 runs were completed in sequence with a 30 second equilibration time at
25 °C. The instrument was equipped with a 40 mW laser emitting at a wavelength of 658 nm. Zeta
potential was determined once at each point between pH 0.5 and 13. Nitric acid and sodium hydroxide
were used to adjust the pH.

UV-Vis Spectroscopy

A BioTek Synergy 2 Plate Reader was used to perform UV spectroscopy. The spectra were collected from
270 to 410 nm wavelength at a step rate of 5 nm. Each spectrum was an average of three total
replications at each concentration.

Carbon-13 Solid-state Nuclear Magnetic Resonance Spectroscopy (**C-SSNMR)

CP/MAS NMR data was collected using a home-built Tecmag Redstone NMR Spectrometer (Houston,
TX), Bruker 300 MHz magnet (Billerica, MA), and Chemagnetics (Ft. Collins, CO) NMR probe with 7.5 mm
rotors spinning at 4000 Hz. A relaxation delay of 2 seconds was used with 256 acquisition points and
20,480 scans and 1 ms CP contact time. TNMR software (Houston, TX) was used to process the data. 3-
methylglutamic acid was used as a reference standard, with the methyl peak referenced to 18.84 ppm.
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3. Results & Discussion

3.1 Particle Size & Morphology

The size and morphology of the synthesized, purified, nanoceria were initially characterized by TEM.
Fifty particles in Figure 1a were measured via Imagel. The average diameter was 4.24 nm, standard
deviation 1.18 nm, and range 2.07 to 6.38 nm. The particles appear to be hexagonal as shown in Figure
1b.

EDS mapping using dark field STEM was also completed on the nanoceria product as shown in Figure 2.
Cerium and oxygen were found as expected. It is interesting to note that the nanoceria was only found
on the edges of the lacey carbon film and protruded into vacuum spaces on the copper grids. This is
evident in Figures 1 and 2 as well as other TEM and STEM images obtained in this study, see Figures 2-4,
2-5, and 2-6 of Hancock [81].

EELS can provide information about the relative contribution of Ce®* or Ce* to nanoceria’s surface
oxidation state. The ionization edges in the high-loss region of the EELS spectrum are affected by the
oxidation state of the elements present in the sample. Charge transfer between atoms due to oxidation
reduces the screening effect on the ejected electron. The binding energy increases, shifting the
ionization edges farther right on the EELS spectrum. The relative intensities of the M5 and M4 peaks are
directly related to Ce®* and Ce* concentrations, respectively, as shown in Turner et al. [82]. Figure 3
shows the M5/M4 peak heights for the nanoceria (a) core and (b) surface. The M5 peak is equivalent in
height to M4 in the particle core, representing primarily Ce**. However, on the surface, the M5 peak is
greater than M4, representing primarily Ce3".

Figure 1: TEM images of nanoceria: (a) Low magnification TEM image of nanoceria agglomerate where
agglomeration appears to be due to drying on the copper grid. (b) High magnification TEM image of
individual crystalline nanoceria hexagonal particles.

11



Figure 2: STEM/EDS of nanoceria: (a) Dark field STEM image of nanoceria particles, (b) EDS map of
cerium, (c) EDS map of oxygen.
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Figure 3: EELS analysis of nanoceria particles with labeled M5 and M4 peaks: (a) The M5 peak is
equivalent in height to M4 in the particle core; (b) The M5 peak is greater than M4 on the particle edge.
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DLS was completed at all stages of the synthesis: pre-dialysis, post-citrate dialysis, and post-water
dialysis (Figure 4). All three samples had bimodal distributions. The 1°t peak contains more than 90% of
the sample by surface area percent. There is a small decrease in size, from approximately 12.8 to 10.8
nm hydrodynamic diameter (1% peak) after both sets of dialysis.

The hydrodynamic diameter is not equivalent to the primary particle diameter as determined by TEM.
Thus, it appears that in solution the particles are slightly agglomerated. This is common among a variety
of metal oxide nanomaterials. It is possible to estimate the number of particles per agglomerate. The
fractal dimension is a variable used to define agglomerate morphology, which can vary depending on
particle density within an agglomerate. The fractal dimension is expressed as follows (Equation 1):

(%)

Where N, is the number of primary particles in the agglomerate, A is a dimensionless prefactor, Dg is the
characteristic diameter of the agglomerate, D, is the primary particle diameter (determined by TEM to
be 4.24 nm), and Dy is the fractal dimension [83]. The number of particles was counted in predetermined
circles with known diameters. Circular areas were drawn onto the TEM image with diameters of 10, 15,
20, 25, and 30 nm, and individual particles were counted inside each area. These results were linearized
and graphed, and a best-fit line fit to the data as shown in Figure 5. The slope is equal to the fractal
dimension, Df (1.64), and the intercept can be used to determine the prefactor, A (1.23). Table 1 shows
the number of particles (Np) in each circular area with diameter, Dg. Using Equation 1, the number of
particles present in a 10.8 nm agglomerate is estimated to average 5.7.
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Table 1: The number of particles (N;) in each circular area with diameter, Dg.

Dg (nm) Np | log(Dg/Dy) | log(N,)
10 5 0377 | 0.699
15 | 10 | 0553 | 1.00
20 | 16 | 0678 | 120
25 | 23 | 0775 | 136
30 |30 | 0854 | 148
Dt | 1.64
Al 123
2 -
1.5 ~ )
.
- »
z
w 1] ¥ y=16371x+0.0889
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Figure 5: Fractal analysis of the nanoceria agglomerates.
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3.2 Crystalline Structure

Nanoceria’s XRD pattern matches that of face-centered cubic fluorite, cited as JCPDS card no. 34-0394
[84-86] and ICDD card no. 04-013-4361 [87, 88]. The diffraction peaks are labeled as shown in Figure 6
and matched to the selected area electron diffraction (SAED) pattern (Figure 7) obtained from TEM. The
peaks are broad, representing that of a small crystallite size. The average particle size (D) was estimated
using the Scherrer equation, where k is a constant (0.9), A is the wavelength of the x-ray (0.154 nm), B is
FWHM (full width at half maximum), and 6 is the diffraction angle as shown in Equation 2:

kA

- LcosH )

The average particle diameter is 5.15 nm, as shown in Table 2. This is within standard error of the size
analysis of the TEM images. The small difference could be due to instrumental broadening. The
interplanar spacing, dnu, for each crystal plane with Miller indices (hk/) was calculated using Bragg’s law
as shown in Equation 3. The lattice parameter (crystal lattice side length), a, was then calculated as
follows (Equation 4) and was found to be 5.41 A, further confirming face-centered cubic fluorite crystal
structure:

ZdhleinQ =1 (3)

1

2
dhkl

1
= ;(h2 + k2 +1%) (4)

Table 2: XRD data for the nanoceria particles.

MI"(-!(I"’;(I';)d ices XRI?ZPee)aks FWHM (°) | Diameter (nm) | dha (A) Lattice Parameter (A)
(111) 28.6 1.6 5.12 3.12 5.40
(200) 33.1 1.4 5.92 2.70 5.40
(220) 47.5 1.8 4.82 1.91 5.41
(311) 56.3 1.9 4.74 1.63 541
Avg. Diameter | 5.15 nm
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Figure 6: The XRD pattern for the nanoceria particles including crystal planes.

Figure 7: SAED pattern of the nanoceria particles including crystal planes.
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3.3 Surface Composition

The nanoceria surface is coated with citric acid. The citrate molecules are adsorbed to the ceria particle
surface and serve two purposes. First, they prevent further growth of the core ceria particle by
restricting cerium ion access. Second, they prevent aggregation by repelling neighboring particles due to
their net negative charge. The result is a stable colloidal sol of citrate-coated nanoceria particles less
than 15 nm in diameter.

TGA was completed on the lyophilized particles to determine the percentage of free water and citrate

present on the surface. Approximately 5% by weight is composed of free water present on the surface,
determined by holding the temperature at 125 °C for 30 minutes. The TGA curve from 125 to 900 °C is

shown in Figure 8. The weight dropped by 15% that can be attributed to citric acid. The weight percent
of citric acid can be used to determine the number of citrate molecules per nm? on the particle surface
(Equation 5), similar to Larsen et al. [89]:

WprNy

A=—i= "2
3My, (1— W)

(5)

Where A is the number of citrate molecules/nm?, W is the percent weight loss, p is the density of the
core particle (7.22 g/cm3), r is the particle radius, Na is Avogadro’s number, and My is the molecular
weight of citric acid (192.1 Da). Assuming a core diameter of 4.24 nm (as determined by analyzing the
TEM images), there are approximately 2.82 citrate molecules per nm?, corresponding to 160 citrate
molecules on the surface of each CeO; particle. This would result is a coating thickness of approximately
4.44 A. The average diameter of citric acid molecules is in the range from 0.57 (hydrodynamic) to 0.72
nm (crystal state) [90]. This would mean that the surface is between 70 and 115% covered [91].
Therefore, on average, a citrate monolayer is present on the nanoceria surface.

In addition, the number of cerium ions on the surface of each particle can be estimated by calculating
the number of CeO; unit cells present within one particle, using the lattice parameter as determined by
XRD, 5.41 A. Assuming a core diameter of 4.24 nm, there are approximately 1,000 CeO, molecules per
particle, 390 of which are on the surface. See Figure 9 for the graph of the number of surface cerium
ions in relation to the particle diameter. Therefore, there are 160 citrate molecules bound to 390 cerium
atoms. This indicates that two cerium atoms are potentially bound to one citrate molecule.
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Figure 8: TGA weight loss of nanoceria attributed to citric acid.
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Figure 9: The number of surface cerium ions in relation to the particle diameter.
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Figure 10 shows the FTIR spectrum of the citrate-coated nanoceria. The broad peak around 3200 cm*
resembles the stretching band of a hydroxyl group. The peaks at 1535 and 1365 cm™ are attributed to
the antisymmetric and symmetric stretching band of a carboxyl group, respectively, confirming citric
acid bonding to the nanoceria surface.

The peaks are similar to the peak locations of the dual strong peaks present in Fig. 3: Heller et al. [79] —
1568 and 1390 cm™ vs. 1535 and 1365 cm™. Keep in mind that the metals used in that study were Cm
and Eu. This could mean that the ligand is any of the HCitH,, HCitH?, HCit>, or Cit* species, depending
on the pH. The IR spectra trend shows that the peak location wavenumber decreases as the ligand
becomes more deprotonated, i.e. the pH increases. The pH of the pre-dialysis solution is 9.81, which
decreases to 8.52 post-citrate dialysis, and then to 7.67 post-water dialysis. The neutral pH post-dialysis
with citric acid and water is expected. According to Heller et al. [79], citrate molecules between a pH of
6 and 12 are HCit>. This species presents a wide variety of possible citrate complexes on the nanoceria
surface given the deprotonation of three of the four possible hydroxides (three carboxyls and one

hydroxyl).
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Figure 10: FTIR spectrum of citrate-coated nanoceria.
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Figure 11 shows the citrate-coated nanoceria Raman spectrum. The peak at 465 cm™, which contains F
symmetry typical among fluorite structure metal dioxides, is described as a symmetric breathing mode
of oxygen atoms surrounding the cerium ions [92]. The small peaks at 940 and 780 cm™ are
representative of citric acid on the surface of the nanoceria. Unlike the FTIR peaks, the citric acid peaks
are barely noticeable. The peak around 1400 cm™ is due to the microscope slide holding the sample.
Similar to the XRD peaks, the broad peaks are attributed to the small particle size. In addition, other
factors such as lattice strain, and consequently, valence, may affect the Raman peak size and shift [53].
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Figure 11: Raman spectrum of citrate-coated nanoceria.
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The zeta potential was determined for the citrate-coated nanoceria sol from pH 0.5 to 13 as shown in
Figure 12. The zeta potential determines the charge of a particle in suspension. A zeta potential greater
than +30 or less than -30 mV decreases the potential for agglomeration in the medium due to repulsive
electrostatic forces [93]. The data was fitted using the Carreau model, which has been previously used
to model zeta potential, {, as a function of pH [91], as shown in Equation 6:

(_(oo

A [1+ (a-10PH)2]b-1)/2 (6)

Where .. is the limiting zeta potential at high pH, o is the limiting zeta potential at low pH, and aand b
are constant coefficients. The model predicted the isoelectic point (IEP) at pH 1.41. Agglomeration
occurred below pH 2 and above pH 12. A plateau was not observed at a low pH, however the high pH
plateau was estimated up to a pH of 12. The {.. was estimated to be -42.7 mV. The citrate coating
prevents agglomeration and contains negative charges that lower the zeta potential values. The model
fit the data quite well up to pH 3.5. Above pH 3.5 and through the circumneutral range, the zeta-
potential is representative of good colloidal stability.

20 A
O Data
10 - ——Model

14

=
o
1

Zeta-potential (mV)
)
o

-30 A

-50 -

pH

Figure 12: Zeta potential of citrate-coated nanoceria with fitted Carreau model.
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Figure 13 shows the UV-Vis spectra of citrate-coated nanoceria. Ceria absorbs light from a wavelength of
270 to 370 nm, well within the UV region. Five concentrations are shown; some of the readings were too
high for the instrument to read, therefore the graphs were terminated at that point. They were included
to show greater UV absorption at higher wavelengths for the larger nanoceria concentrations, but the
absorption is still in the same region as the lower concentrations. A decrease in nanoparticle size has
been reported to shift the UV adsorption edge to lower wavelengths [56].
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Figure 13: UV-Vis spectra of citrate-coated nanoceria.
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13C-SSNMR was conducted on the lyophilized particles coated with unlabeled and 3C-labeled citric acid.
The labeled citric acid was only partially labeled. The terminal -COOH groups (C2) contained **C. The
results are shown in Figure 14 and compared to the citric acid reference. The labeled spectrum indicates
that citrate bonded to the nanoceria particle during synthesis and was retained through dialysis due to
the C2 peak of the labeled nanoceria. In addition, the peak shifts at 87 and 165 ppm (dashed lines) may
be a result of the C3 and either C2 or C1 carbons bonding to the nanoceria surface, respectively. This
would suggest that the central carbon bonded to the hydroxyl (C3) group and either the central carboxyl
(C1), one of the terminal carboxyls (C2), or perhaps two of the three total carboxyls participate in
complexation with the nanoceria surface. The original C3 peak at 78 ppm remains which means that
either free citric acid is still present or there is a possible combination of citrate bonding mechanisms.
These results are similar to Auffan et al. [80]; they suggest that citrate formed a chelate with cerium
through its central carboxyl and its a-hydroxyl groups.

Possible ceria-citrate complexes are shown in Figure 15. According to the TGA analysis results, it is likely
that two cerium atoms are bound to one citrate molecule, which indicates that at least two oxygen
atoms are complexing with ceria, thus rejecting model 1. 3C-NMR results indicate that the central
carbon bonded to the hydroxyl (C3) appears to be interacting with ceria. This would reject models 1 and
3, at least as favored complexes. According to the FTIR peak locations and pH measurements, the citrate
HCit* species favors model 5 if all three of the deprotonated oxygens participate in bonding with ceria.
However, 3C-NMR shows a large portion of the end carbon atoms bonded to the carboxylic acids (C2)
remain unbonded to cerium, which could consist of any combination of the five models shown or more.
One possibility that arises from the 3C-NMR results, and supported by Auffan et al. [80], is that the
carboxylic acid functional group (C1) geminal to the central hydroxyl (C3) is favored to complex with
ceria. This is shown in model 2 and again in model 5, accompanied by a terminal carboxyl (C2) bond.
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Peak FREQUENCY INTENSITY
#  [HZ [PPM]

1 18564994 1845197 1765

2 18207152 1818576 4674

3 7838540 779092 2650

4 4874687 424501 7096

250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure 14: 13C-NMR spectra of 3C-labeled (red) and unlabeled (blue) citric acid. Inset is the citric acid
reference (DrugBank ID# DB04272) with numbered carbon atoms. Dashed lines are placed at 87 and 165
ppm.
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Figure 15: Suggested bonding structures modeling ceria-citrate complexation representing analysis of
TGA, FTIR, and 3C-NMR results.
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4, Conclusions

Citrate-coated nanoceria particles were produced via hydrothermal synthesis and dialyzed against citric
acid and water to remove unreacted cerium ions and salts. Characterization techniques were
implemented to determine particle size and morphology, crystalline structure, and surface composition
and properties. TEM revealed the particles to be hexagonal and 4.24 nm in diameter with a standard
deviation of 1.18 nm. EELS indicated that the core is primarily Ce**, while the surface contains primarily
Ce* atoms. The XRD and SAED pattern matches the face-centered cubic fluorite crystal structure. The
crystallite diameter was calculated to be 5.15 nm using XRD peaks, similar to TEM image analysis results.
A 15% weight loss due to citric acid was determined by TGA and FTIR, which corresponds to 2.82 citrate
molecules/nm? nanoceria surface. The zeta potential was largely negative at a neutral pH with an IEP at
pH 1.41. 3C-NMR supports that the central carboxyl geminal to the hydroxyl complexes with ceria. In
addition, one of the terminal carboxyls may also bond with ceria. This extensive physicochemical
characterization of a purified nanoceria that has a size amenable to material, chemical, and medical
applications will help in the selection for use and interpretation of results from such studies.
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