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ABSTRACT: High-temperature synthesized monodisperse
superparamagnetic iron oxide nanoparticles are obtained
with a strongly bound ligand shell of oleic acid and its
decomposition products. Most applications require a stable
presentation of a defined surface chemistry; therefore, the
native shell has to be completely exchanged for dispersants
with irreversible affinity to the nanoparticle surface. We
evaluate by attenuated total reflectance—Fourier transform
infrared spectroscopy (ATR—FTIR) and thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC) the
limitations of commonly used approaches. A mechanism and

mplete, inevedbﬁ
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multiple exchange scheme that attains the goal of complete and irreversible ligand replacement on monodisperse nanoparticles of
various sizes is presented. The obtained hydrophobic nanoparticles are ideally suited for magnetically controlled drug delivery
and membrane applications and for the investigation of fundamental interfacial properties of ultrasmall core—shell architectures.

B INTRODUCTION

High-temperature synthesized superparamagnetic iron oxide
nanoparticles (SPIONSs) are well-defined biomedical materials
with homogeneous physical properties in terms of diameter,
polydispersity, surface area, and magnetic characteristics.
SPIONs have an increasing number of applications, not the
least in the biomedical field;'™ they are used as magnetic
resonance imaging (MRI) contrast agents in imaging cliagnosis4
and in magnetic-field-assisted cancer therapy (hyperthermia)®
and have emerﬁging use in magnetically addressable dru§
delivery systems” " as a result of their inherent low toxicity™
and suitable size.” Clinical approval requires reproducible
manufacture of highly uniform physicochemical characteristics,
which explains the increasing demand for controlled synthesis
and improved surface modification approaches.” While
remarkable progress has been achieved in the synthesis of
monodisperse SPIONs,>"*~"" their application requires equally
well-defined and stable ligand shells with tailored surface
chemistries.” Ultrapure interfaces of that kind allow for
controlled assembly in amphiphilic superstlructures,7’12 inves-
tigation of nanoparticle—membrane interactions,"”'* and
internanoparticle interactions in membranes, and they aid in
improving the underlying design Ggrinciples for future
generations of drug delivery systems.””'> A prerequisite for
these studies is exclusion of impurities, such as weakly bound
dispersants or residual capping agents, that might obscure
nanoparticle-induced effects. Grafting of such shells to
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monodisperse SPIONs has thus far received scant attention
and remains a bottleneck. The challenge is that a strongly but
reversibly bound ligand shell of, e.g., oleic acid (OA) and its
decomposition products remains on the surface after high-
temperature synthesis of monocrystalline SPIONS.

Attention has been given recently to ligand replacement of
OA for hydrophilic dispersants providing steric stabilization to
SPIONSs, which has demonstrated difficulties in terms of lower
achieved grafting density than required for strong colloidal
stability.'® The likely cause is incomplete replacement of OA, as
shown by isotope labeling,'” and the contradicting require-
ments for exchanging residual OA and densely grafting bulky
polar dispersants in its place.

Ligand replacement of hydrophobic dispersants has received
even less attention. Although the as-synthesized OA shell on
monodisperse SPION is hydrophobic and strongly bound, it
has been shown that these ligands dissolve in, e.g.,, membranes
and cause undefined interactions and unstable aggregates.” We
elucidate the extent of OA on SPION:Ss after various purification
steps and present a protocol that enables complete ligand
replacement and stable hydrophobic shells to be grafted.
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B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich and
used as received (see the Supporting Information for details). To
ensure maximal reproducibility, all nanoparticles and ligands originated
from the same batches.

Synthesis of Superparamagnetic Iron Oxide Nanoparticles.
Monodisperse, spherical SPIONs were synthesized via high-temper-
ature thermal decomposition of an organometallic precursor in a high-
boiling surfactant solution following a route adapted from Park et al."’
Size control was achieved by altering the surfactant to organometallic
precursor ratio (see SI 2.1 of the Supporting Information)."!

Synthesis of 4-Nitrocatechol-Derived Ligands. 6-nitrodop-
amine-hemisulfate (NDA-HSO,) was synthesized according to the
literature, with slight modifications (see SI 1.1 of the Supporting
Information).'® N-Palmityl-6-nitrodopamide (P-NDA) and its alkyl-
perdeuterated analogue N-(dj;-palmityl)-6-nitrodopamide (ds,P-
NDA) were prepared by COMU-mediated peptide-coupling reactions
(see SI 1.2 of the Supporting Information)."’

Surface Modification of Magnetite Nanoparticles. Typically
50 mg of P-NDA (or NDA) was dissolved in 3 mL of
dimethylformamide (DMF) under sonication and added to 200 mg
of as-synthesized OA—SPIONs dissolved in 6 mL of chloroform
(CHCL,). The SPION-ligand mixture was combined with 9 mL of
methanol (MeOH) and sonicated for 3 h under N,. CHCl; was
evaporated from the coating mix, and the resulting SPIONs were
collected by magnetic precipitation from excess MeOH (40 mL) and
purified by 3 rounds of washing and magnetic separation from cold
MeOH (20 mL each) to remove excess nitrocatechol ligands.

Purification Methods of Coated Magnetite Nanoparticles. A
chart of all investigated purification pathways and their results can be
found in SI 3.1 of the Supporting Information.

(a) As-Synthesized SPIONs. The crude SPION reaction mixture was
purified from reaction solvent and byproducts by five precipitations
from minimal toluene (tol) into excess ethanol (EtOH) (300 mL
each) and collected by magnetic separation.

(b) OA (1 mM) in Hot MeOH Pre-extraction. A total of 200 mg of
as-synthesized OA—SPION s (a) was washed 4 times each with 20 mL
of hot (heated with heat gun) 1 mM OA in MeOH and once with pure
hot MeOH.

All purification methods on newly capped SPIONs have been
performed after cold MeOH washings of the coating mixtures.
SPIONs were routinely collected by magnetic separation, unless
otherwise stated.

(c) Hot MeOH Extraction. A total of 200 mg of OA—SPIONSs (aor
b) were subjected to the standard coating exchange and subsequently
washed 3 times with 30 mL of hot MeOH each.

(d) Standard Cold MeOH Extraction. Newly capped SPIONs were
purified according to the standard protocol by 3-fold extraction with
20 mL of cold MeOH each.

(e) Syringe Filtering. A total of 200 mg of washed, precipitated
mixed-dispersant SPIONs were dissolved in 3 mL of CHCI; and
purified by a single pass through commercially available filter units (0.2
pm cutoff).

(f) Addition of Surfactants. Surfactants were added in 100 mg
quantities to 200 mg of mixed dispersant SPIONs. The mixes were
sonicated in hot ethanol (EtOH) for S min. SPIONs were collected by
magnetic separation.

(g) Column Chromatography. A total of 5 g of SiO, 60 was loaded
in a2 X 30 cm column, and 200 mg of mixed dispersant SPIONs
dissolved in the mobile phase were eluted with tetrahydrofuran
(THF)/MeOH (4:1).

(h) Ligand-Saturated Column Chromatography. A total of 200
mg of P-NDA in DMF was run twice over 5 g of SiO, 60, and the
stationary phase was purged with 2 column volumes of THF/MeOH
(4:1) prior to loading of the coated SPIONs.

(i) Recrystallization from MeOH/n-Hexane. A total of 200 mg
mixed dispersant SPIONs was refluxed in 20 mL of a N,-saturated
MeOH/n-hexane (1:1) solvent mixture under an inert atmosphere.
Recrystallization was repeated 3 times.
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(i) Base (2,6-Lutidine) as Solvent. A total of 200 mg of as-
synthesized SPIONs and P-NDA was dissolved in S mL of 2,6-lutidine
and sonicated under N, for 3 h. Lutidine was evaporated under
reduced pressure, and SPIONs were purified with three cold MeOH
extractions (20 mL each).

(k) P-NDA Post-coating. A total of 200 mg of mixed dispersant
SPIONS freed from physisorbed OA [prepared via pre-extraction (a)
or cetyltrimethylammoniumbromid (CTAB) addition (f)] was
subjected to an additional round of coating with 100 mg of P-NDA
in a minimal amount of N,-saturated 2,6-lutidine at 50 °C for 48 h
under an inert atmosphere and magnetic stirring. Lutidine was
completely evaporated under reduced pressure, and the post-coating
mix was washed 3 times with hot MeOH (30 mL each).

(I) d;;P-NDA Post-coating. Pre-extracted OA-SPIONs (b) were
ligand-exchanged with d;,P-NDA and purified via hot MeOH
extractions as in step c. Post-coating with d;;P-NDA was analogous
to step k.

(m) NDA Post-coating. Mixed dispersant NDA-HSO,-coated
SPIONs obtained via the standard coating protocol were isolated by
evaporating the coating mix to the DMF fraction, adding 10 volumes
of n-hexane and collecting the SPIONs via magnetic separation. The
particles were post-coated by adding 100 mg of NDA-HSO, and
decocting the dispersion under an inert atmosphere 3 times with each
hot n-hexane, hot Me,CO, and hot MeOH (30 mL per wash). NDA—
SPIONs were collected by magnetic separation and finally Iyophilized
from ultrapure water.

Characterization. Transmission Electron Microscopy (TEM).
TEM studies were performed on a FEI Tecnai G2 20 transmission
electron microscope operating at 120 kV or at 200 kV for high-
resolution imaging. Samples were prepared by drop-casting toluene
dispersions onto 300-mesh carbon-coated copper grids and evaporat-
ing the solvent in air. Size distributions were evaluated using
PEBBLES.”

Thermogravimetric Analysis/Differential Scanning Calorimetry
(TGA/DSC) Measurements. Thermograms were recorded on a
Mettler-Toledo TGA/DSC 1 STAR system in the temperature
range of 25—650 °C with a ramp of 10 K/min under 80 mL/min
synthetic air gas flow. Typically, 0.5—2 mg of sample was used per run,
and the rest of the mass was evaluated at 500 °C by horizontal setting.

"H and C Nuclear Magnetic Resonance (NMR) Measurements.
'H and "*C solution spectra were collected on a Bruker DPX operating
at 300 MHz using tetramethylsilane (TMS) as an internal standard.

Electrospray lonization—Mass Spectrometry (ESI-MS) Measure-
ments. Mass spectra were collected using a Q-Tof Ultima ESI
(Waters, Milford, MA) mass spectrometer in positive-ion mode.
Samples were diluted with NH,"HCOO™ buffer (65 mM, pH 3) or
MeOH to a final concentration of 5—500 yig/mL.

Attenuated Total Reflectance—Fourier Transform Infrared Spec-
troscopy (ATR—FTIR) Measurements. Mid-infrared (IR) powder
spectra of the lyophilized samples were collected using a Bruker
Tensor 37 FTIR spectrometer with Bruker Platinum Diamond single-
reflection ATR equipment at a resolution of 4 cm™ by averaging 32
scans.

Ultraviolet—Visible (UV—-Vis) Measurements. UV—vis absorption
spectra were collected at a scan speed of 400 nm/min on a Hitachi
UV-2900 spectrophotometer.

B RESULTS AND DISCUSSION

Figure 1 shows TEM micrographs of the as-synthesized, OA-
capped magnetite nanoparticles with narrow size distributions
of 3.5 +£ 0.4, 5.0 + 0.4, and 8.3 &+ 0.4 nm.

No difference was observed between sonicating and stirring
OA-capped SPIONs in P-NDA ligand solution at an elevated
temperature to perform the exchange step. Sonication was
chosen because of the shorter time of preparation.

A large variety of purification and post-coating methods were
tested for their potential to purify P-NDA-coated SPIONSs from
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Figure 1. TEM of spherical, monodisperse magnetite nanoparticles
with narrow size distributions of (a) 3.5 + 0.4 nm, (b) 5.0 + 0.4 nm,
and (c) 8.3 + 0.4 nm and (d) high-resolution (HR)-TEM of the 8.3 +
0.4 nm SPIONS in panel c.

residual OA. Their efficiencies were evaluated by ATR—FTIR
and TGA/DSC.

Figure 2 shows the IR spectra of 3.5 nm SPIONSs after
purification with various methods enumerated as c—m. The
purification steps c—m are briefly described with motivations
for why they were chosen in the following. Repeated pre-
extraction with hot MeOH containing 1 mM OA as a stabilizer
(b) to prevent aggregation,”’ (c) hot MeOH extractions, (d)
cold MeOH extractions, and (e) syringe filtering [polytetra-
fluoroethylene (PTFE)] were used as common, quick, and low-
cost methods to remove excess unbound organics and
aggregates.' In step b, oleate monolayer-covered SPIONs are
subjected to a single exchange step, while newly capped
SPIONSs derived from as-synthesized particles were purified in
step c. The addition of surfactants (f), such as cationic
cetyltrimethylammoniumbromid (CTAB), was tested because
OA forms complexes with countercharged surfactants that
might impede re-adsorption to the particle surface and prevent
aggregation during the exchange of the coating.”' The influence
of the charge of the surfactant on the removal of OA was
studied by additionally using anionic sodium dodecyl sulfate
(SDS) and neutral l-octanol (OctOH) (see SI 3.4 of the
Supporting Information). Column chromatography over SiO,
with (h) and without (g) P-NDA adsorbed to the stationary
phase in THF/MeOH (4:1) was tested as a ubiquitous
purification process for surface-active species that could capture
OA but leave P-NDA as a result of its lower affinity to SiO,.”*
Recrystallization (i) from MeOH/n-hexane (1:1) relies on
dissolving the less tightly bound capping agent from the particle
surface. The base 2,6-lutidine was similarly tested as solvent (j),
which was inspired by the fact that weak hydrogen-bond
acceptors significantly speed up the rate of nitrocatechol surface
complexation.”® Lutidine was chosen because it is a sterically
hindered, moderate, medium-polar base serving multiple
purposes as it acts as a solvent for OA—SPIONS, sufficiently
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Figure 2. ATR—FTIR spectra of various 3.5 nm magnetite
nanoparticle preparations: (a) as-synthesized SPION containing excess
physisorbed OA, (b) purified SPION with a monolayer of
chemisorbed oleate, (c—j) mixed dispersant OA/P-NDA—SPION
and (I-m) post-coated, pure nitrocatechol-ligand-capped SPIONS.
SPIONS were purified by the following methods: (b) pre-extraction in
hot MeOH containing 1 mM OA as a stabilizer, (c) hot MeOH
extraction, (d) cold MeOH extraction, (e) syringe filtration (PTFE),
(f) surfactant addition (CTAB), (g) silica column chromatography
(THF/MeOH 4:1), (h) ligand saturated chromatography, (i)
repeated MeOH/n-hexane (1:1) recrystallization, (j) 2,6-lutidine as a
solvent, (k) post-coated P-NDA—SPION, (1) post-coated d;;P-NDA—
SPION, (m) post-coated NDA—SPION, and (n) SPION with
combusted shell (post-TGA) with 10X scaled inset of residual
absorptions. Peaks corresponding to physisorbed and chemisorbed OA
are indicated by circles and asterisks, respectively, while crosses depict
bands related to nitrocatechol ligands. The post-coated P-NDA (k),
d;;P-NDA (1), and NDA particles (m) are the only particles that
demonstrate an absence of the characteristic OA bands and, therefore,
complete ligand replacement.

deprotonates P-NDA, and at the same time, offers the
possibility to form ion pairs with OA without complexing the
SPION surface strongly. Finally, post-coating strategies (k—m)
were devised that emphasize the role of competitive binding to
the particle surface; ie., a high-affinity ligand (in our case, a
strongly adsorbed OA-related species) can be displaced by a
large excess of other ligands if it has a non-negligible desorption
rate (ko). Post-coating with P-NDA (k) and d;,P-NDA (1)
involved exchange of mixed dispersant particles at 50 °C in 2,6-
lutidine containing excess P-NDA for 48 h under an inert
atmosphere, while NDA post-coated particles (m) were
prepared by selectively desorbing oleate in the presence of
excess nitrocatechol ligand, which could adsorb at emerging
surface sites.

Association of OA with the primary surfactant layer on the
particle surface to quasi-bilayer structures was reported to occur
though intercalation of alkyl chains in combination with
hydrogen bonding between the headgroups.”” The presence
of physisorbed OA was, therefore, determined from absorptions
at 1705 cm™" in FTIR spectra assigned to the C=0 stretch of
hydrogen-bonded (dimeric) alkyl carboxylic acids and from
other bands characteristic of free acid groups, such as the OH
in-plane and out-of-plane bending vibrations at 1430 and 965
cm™' (see SI 2.2 of the Supporting Information for further
assignments).

Oleate complexed to the particle surface was evaluated at
1605, 1520, and 1410 cm™, corresponding to two asymmetric
and one symmetric stretching vibrations of the carboxylate
headgroup.”* The respective positions and the split between
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V,s(COO7) are indicative of the binding mode of the
carboxylate headgroup to Fe ions.”**> For perdeuterated
samples, oleate exchange was concomitantly monitored by
comparing v,,(CH,) integral ratios of the newly capped
SPIONS to the respective oleate monolayer-covered particles.
Fe—O lattice vibrations of magnetite are found at 580 and 385
cm™! corresponding to T}, optical phonon modes of the crystal
lattice.”**”

For half of the tested purification methods, there is a
substantial amount of unbound or physisorbed OA left (entry 1
in Table 1). Even extracting the coating mix 3 times with cold

Table 1. TGA Results for Various SPION Preparations

grafta chain endsc

e TOC* p

(nm)  preparation method (%, w/w) (nm™2) (nm™2)
3.5 a,d, e g h andj 35-78 nd nd
3.5 b 28-29 22-23 0.35-0.37

¢ f and i 28—-30 nd nd

3.5 38-39 2.6-2.7 0.35-0.4
5 k 32-35 2.8-32 0.6—0.7
8.3 22-23 2.8-3.1 1.0-1.1
35 26-28 22-29" 0.9-12°%
5 m"” 24-26 2.8-3.5" 1.4-1.8"
83 14—15 24-29% 1.6—1.9"

“Average of three measurements evaluated in the temperature interval
(100—200 °C to 500 °C). bExpanded range of values arises from
ambiguous composition of the shell (see SI 4.2 of the Supporting
Information).

MeOH was insufficient to remove physisorbed OA (Figure 2d).
This is in good agreement with the fact that dissociation of OA
dimers is vital for complete removal of physisorbed OA and
only occurs above 70 °C (curves b and c in Figure 2).”*
Intercalated OA is also present in samples run over the SiO,
column, despite the fact that the samples passed as single
fractions (curves g—h in Figure 2). Filtering either did not
succeed in removing associated OA at all [regenerated cellulose
(RC/polyethylene terephthalate (PET)/polyvinylidene difluor-
ide (PVDF) filter material] or introduced additional bands,
which originate from dissolvable material of the filter (PTFE/
nylon) (Figure 2e and SI 3.3 of the Supporting Information).
TGA combined with DSC was used to access the total
organic content (TOC) associated with the purified SPIONs
(Table 1 and SI 3.2 of the Supporting Information). The
organic fractions of the samples were evaluated from the rest of
the mass of the TGA curve according to Benoit et al.>® The
determination of the exact mass ratio of organic ligand to
inorganic core is challenging to obtain for fatty acids, because
they do not fully combust under an inert atmosphere. Instead,
carbonaceous graphitic residues are formed, which cause
significant reduction of the inorganic core to wiistite and
ferrite above 760 °C.*” Burning in air was reported to only
result in moderate residues (mainly CO, surface complexes)
and oxidation of the iron oxide core to hematite at around 520
°C.* Thus, burning in synthetic air up to 500 °C was used to
determine grafting densities of as-synthesized and purified
core—shell SPIONs. Samples with an incomplete purification
from excess OA yielded unreasonably high TOC values (entry
1 in Table 1); the grafting densities were thus not evaluated.
The purification methods in entry 2 in Table 1, e.g., through
the addition of the surfactant, yielded particles that are free of
physisorbed OA but still display peaks attributed to surface-
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complexed oleate. The TOC is strongly reduced and
corresponds to the amount that could be expected for a
mixed OA/P-NDA monolayer coverage, although an exact
grafting density cannot be calculated because the composition
of the shell is not known as a result of the remaining complexed
OA™. Interestingly, the improved removal of OA was almost
independent of surfactant charge (CTAB, SDS, OctOH; see SI
3.4 of the Supporting Information). Surfactant bands were not
detected after the washing steps. CTAB led to least losses
during collection of the coated particles.

Residual complexed oleate might be strongly integrated into
the shell and possess a low desorption rate. Finding a procedure
for complete replacement of the ligand is necessary to ensure
uniform SPION shell properties and a stronger binding through
nitrocatechol anchors. In a final approach, removal of oleate
was, therefore, tested by adding a post-coating step in excess
ligand at an elevated temperature. Particles (b or e) were stirred
at 50 °C in 2,6-lutidine containing excess P-NDA for 48 h
under an inert atmosphere.

FTIR spectra recorded after the post-coating step show
markedly decreased absorptions at 1605, 1520, and 1410 cm™,
concomitant with a narrowing and blue shift of the 1645 cm™
band and a slight decrease in the overall v, (CH,) and
5,(CH,) intensities (see SI 4.3 of the Supporting Information).
This is attributed to removal of surface-bound oleate. Complete
exchange was additionally verified by post-coating with isotope-
labeled d;,P-NDA. Perdeuteration of the alkyl chain leads to a
decrease in vibrational frequency and, hence, results in spectral
separation of new dispersant and native ligand signals.
Noteworthy, the v, (CH,) integral area of the post-coated
sample, representing persistent surface-bound oleate, dropped
by 22 times compared to its initial value on OA monolayer-
covered particles (see SI 4.3 of the Supporting Information).
This corresponds to a 96% reduction in the TGA-derived
number of initial oleate molecules (see SI 4.2 of the Supporting
Information) and roughly 4 remaining oleate molecules per
particle. Similarly, OA exchange for NDA-HSO, exhibits only
marginal CH, intensities, which closely correspond to the signal
of the pure ligand. Thus, efficient stripping and replacement of
the original OA stabilizer is achieved in both post-coating
procedures.

The loss of intensities at 1605, 1520, and 1410 cm™ is
ascribed to two individual v,,(COO~) and a common
v,(COO™) mode arising from two different complexation
patterns of the carboxylate headgroup to the metal ions on the
mixed dispersant particle (see SI 2.2 and SI 4.3 of the
Supporting Information).”* A splitting of v/,,(COO™) into two
separate parts largely accounts for our observations of unequal
intensities between the asymmetric and symmetric carboxylate
stretching vibrations and their concurrent disappearance upon
post-coating. This is reasoned from the fact that 1,(COO™) is
less affected by the coordination pattern than its asymmetric
counterpart; therefore, it mostly retains its spectral position
and, hence, exhibits twice the intensity of each of the
,(COO™) modes. The 110 cm™ (1520—1410 cm™") splitting
hints at a bidentate, mononuclear complexation, while the
second splitting of 195 cm™ (1605—1410 cm™) could be due
to contributions of either a unidentate or binuclear, bridged
OA~ complex.”* Unidentate coordination is rarely found and
not supported by our data because we have no indication of an
uncomplexed carbonyl around 1710 cm™. Induced binuclear
binding is an appealing explanation for the necessity of a
second coating step, in which more strongly bound oleate is
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replaced on the surface and agrees better with our model of two
different complexation patterns, where the v (COO7)
vibrations merge. A slight change in the overall CH, intensities
upon post-coating presumably originates from alterations in
alkyl chain packing caused by different headgroup areas of the
capping agents.

It is worth noting that the as-synthesized SPION spectra do
not exhibit a pronounced mixture of two different chemisorbed
oleate species (A = 110 cm™" ~ 90%) nor does washing with
hot MeOH during the purification alter the observed 50:50
ratio on the mixed dispersant SPIONs. This highlights the
disruption of oleate packing along with a rearrangement of the
carboxylate binding induced by intercalation of nitrocatechol
ligands. The presence of two oleate species with different
complexation strengths has previously been noted as an
explanation for differences in precursor reactivity of iron—
oleate complexes in nanoparticle synthesis.”* We can further
demonstrate that P-NDA only fully displaces both species of
surface-bound oleate through competitive binding once excess
OA has first been removed, which requires two coating steps
(curves k—m in Figure. 2). Competitive binding could also
explain why partial surface dissolution occurs when no alcohol
is added during the coating procedure; this is presumably due
to competition of two strongly complexing agents (P-NDA~
and OA~) for surface sites, whereas protonation of the
displaced species lowers their affinity.

TGA shows that the grafting density of the pure P-NDA shell
is high (Table 1 and SI 4.2 of the Supporting Information). The
grafting density was compared for different nitrocatechol-
coated SPIONs with size varied from 3.5 to 8.3 nm (Table 1
and SI 4.2 of the Supporting Information) and found to be
almost independent of surface curvature and hydrophobic
substitution. Slight deviations regarding higher grafting
densities for larger particles could originate from relative
differences in iron oxide phase content,”* in line with
preferential binding of nitrocatechols to Fe;0,” and/or
improved crystallinity of the lattice of the larger nanoparticles.
However, the observed trend is within the experimental
uncertainty and curvature therefore seems to not affect the
grafting density in the case of low-molecular-weight ligands. An
approximately constant grafting density suggests that the
limiting factor for adsorbing densely packed low-molecular-
weight dispersants to the substrate is given by either the
number of surface iron sites (3.5—5.9 nm™ depending upon
crystal plane and termination)”' or the spatial requirements of
the nitrocatechol anchor. The latter is substantial as
approximated by the molecular areas of palmitic acid (23 A?)
and N-stearoyldopamine (42 A?),>* which suggest a maximum
achievable density of 2.4 nm™. This correlates with the
theoretically expected maximum coverage for dopamine (2.4
nm™?) based on an estimate from the molar volume. At similar
grafting density, the curvature strongly affects the density of the
shell and, thereby, the specific interaction volume with the
hydrophobic ligands; the latter increases with decreasing radius,
as exemplified by the number of chain ends per outer surface
area unit (p™ % in Table 1 and SI 4.2 of the Supporting
Information). Thus, small-sized core—shell SPIONSs interact
more strongly with surrounding solutes, whereas larger particles
feature compact core—shell architectures.

Multistep TGA profiles observed below 400 °C have
previously been attributed alternatively to vaporization of
physisorbed OA," to chemisorbed oleate species with different
binding strengths,”> or to partial cleavage of the capping
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agent.29 In our experiments, a significant second step in TGA
was only observed when physisorbed OA or other impurities
were present (Figure 3 and SI 3.2 of the Supporting

T T T
300 350 400

T /°C
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T T
200 250

T
150

100

Figure 3. TGA (solid lines) and DSC curves (dashed lines) of
representative 3.5 nm SPION preparations measured in synthetic air:
as-synthesized OA—SPION containing excess physisorbed oleic acid
(black, stars), purified OA—SPION with an oleate monolayer (gray,
squares), column-chromatographed SPION with physisorbed impur-
ities (magenta, diamonds), cold MeOH-extracted mixed dispersant
SPION containing around 5% w/w physisorbed OA (green, triangles),
CTAB-treated mixed dispersant SPION free of physisorbed OA (blue,
circles), and spectroscopically clean P-NDA post-coated SPION (red,
triangles).

Information). Also, by comparison of the FTIR spectra of the
tested particles to the TGA/DSC data, the presence of minor
amounts of residual-free OA (around 5% w/w) could not be
reliably detected with TGA/DSC (Table 1, Figures 2 and 3,
and SI 3.2 of the Supporting Information) using a difference in
the decomposition profile as the basis for detection.

The differently chemisorbed oleate species observed in FTIR
on mixed ligand SPIONs seem to be too close in their
dissociation energies to be resolved by TGA; co-adsorbed P-
NDA and chemisorbed OA also give rise to similar curves (see
Figure 3). A closer inspection of the DSC curves of the main
mass loss shows two distinct heat peaks corresponding to one
discernible step in TGA. The two peaks are, however, also
observed when only P-NDA is present on the SPIONs, and the
relative peak areas vary with the preparation method. The lower
T peak is increasingly dominant toward more complete
exchange of OA for P-NDA.

Only traces of organics were left after heat treatment of the
mixed dispersant SPIONs to 500 °C, but clearly shifted
nanoparticle absorptions became evident at 520 and 430 cm™
(Figure 2n). This is also seen by eye as transformation to a
purple inorganic residue. FTIR spectra of these SPIONs
showed that all bands attributed to the nitro group have
disappeared. Minimal residues of decomposed ligand were
detected through bands at 2984 cm™ [V(Cspz_H)] , 2896 cm™
[1(Cy—H)], 2651 and 2350-2200 cm™' (surface CO,),
1650-1400 ecm™ [1(C=C) and §(C,—H)], 1059 cm™
[1(C-0)], and 906 cm™ [6(Cy—H)]. The persistence of
minute residual ligand on the particle supports the conclusion
that vaporization of loosely associated molecules is the primary
cause for multistep profiles in TGA rather than partial ligand
decomposition or desorption of diverse chemisorbed agents.
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Bl CONCLUSION

We have demonstrated that standard methods to functionalize
the surface of hydrophobic, monodisperse SPIONs through
ligand replacement result in substantial residual OA. Removal
of physisorbed OA requires repeated extraction in boiling
solvents to promote dissociation of carboxylic acid dimers or
the addition of countercharged surfactants to impede re-
absorption via ion pair formation. Even extensive purification of
SPIONSs prepared by a single-exchange step results in mixed
dispersant particles that are characterized by a large remaining
fraction of two different chemisorbed oleate species coexisting
with P-NDA on the particle surface. Intercalation of nitro-
catechol anchors during the initial coating exchange triggers a
rearrangement of the carboxylate binding mode, which
ultimately results in a mixture of mononuclear, bidentate and
binuclear, bridged oleate complexes. Complete ligand exchange
to an irreversibly grafted dispersant shell was only achieved
after post-coating of already purified, mixed ligand nanoparticle
dispersions in high excess of nitrocatechol-derived capping
agents. Grafting densities of 2.5—3 molecules/ nm? were
obtained regardless of SPION size. Thus, we have demon-
strated that monodisperse SPIONs can be equipped with an
equally monodisperse, irreversibly grafted hydrophobic shell at
maximal ligand density that makes them perfectly suited for
further structural studies, drug delivery, and membrane
applications. In further work, we will report on the highly
improved performance of these particles for the creation of
magnetically responsive membrane structures.
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