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Modification of iron oxide nanoparticles (NPs) synthesized by high temperature solvothermal routes is
carried out using two silanes: (i) N-(6-aminohexyl)-aminopropyltrimethoxysilane (AHAPS) where only
one end of the molecule reacts with the surface Fe-OH groups and (ii) 3-(triethoxysilyl)propylsuccinic
anhydride (SSA) where both ends are reactive with Fe-OH. Depending on the NP synthesis protocol,
the amount of surface OH groups on the NPs may differ, however, for all the cases presented here, the
comparatively low OH group density prevents a high density of AHAPS coverage, yielding NP
aggregates instead of single particles in aqueous solutions. Alternatively, use of SSA containing two
terminal functionalities, anhydride and siloxy, which are both reactive towards the NP surface, results
in the formation of discrete dense polymeric shells, providing stability of individual NPs in water. The
mechanism of the SSA shell formation is discussed. The evolution of the chemical transformations
leads to shells of different thickness and density, yet this evolution can be halted by hydrolysis, after
which the NPs are water soluble, negatively charged and exhibit excellent stability in aqueous media.

1. Introduction

Recently, development of methods of nanoparticle (NP) func-
tionalization has gained considerable attention due to potential
applications of NPs as building blocks of nanomaterials fabri-
cation’ and in biomedical research.>'* In the majority of cases,
these methods deal with a post-synthetic modification'? because
monodisperse NPs are often obtained by solvothermal methods
at high temperatures when capping ligand functionalities are
either unstable or negatively influence the NP synthesis.'® For
biomedical applications, iron oxide NPs are favored because they
are generally stable in air and can be metabolized or degraded in
vivo.**15 Monodisperse iron oxide NPs are normally synthesized
with oleic acid and/or long chain amines as capping agents, thus
these particles do not have any functional end groups and are
soluble only in organic solvents.’*® Surface functionalization of
iron oxide nanoparticles can be carried out in four major ways:
(1) replacement of oleic acid or oleylamine with other functional
molecules,?** (ii) formation of a functional shell due to hydro-
phobic interactions between the capping molecules and the
hydrophobic tails of PEGylated phospholipids**?5 or amphi-
philic copolymers,?*?’ (iii) by controlled polymerization initiated
from the NP surface*?**or (iv) by interaction with functional
silanes. 13034

Each of these methods has its advantages and disadvantages.
The exchange of adsorbing capping molecules is often
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incomplete and difficult to carry out in a controlled way. The
two-phase modification where functional molecules are located
in an aqueous layer may result in particle etching if the solution is
acidic. The use of hydrophobic interactions for NP modification
is a facile method of NP functionalization; however, it is limited
to applications where no amphiphilic molecules are involved as
the latter can induce disassembling of the hydrophobic bilayer.
The controlled polymerization approach is normally used when
comparatively thick shells are acceptable.

Silane attachment is the method of choice for stable NP
coatings due to covalent bond formation. Unlike silane coating
of Au or semiconductor NPs where either tetracthoxy silane®® or
functional trialkoxysilanes®***” can be used (the latter due to
adsorption of functional groups on the NP surface followed by
condensation of siloxy groups), iron oxide NPs are normally
coated with silanes (usually, aminosilanes) via interaction with
surface OH groups.'’**3438 In an anhydrous medium the iron
oxide hydroxyl groups which are always present on the iron
oxide nanoparticle surface (although their amount can be
significantly varied depending on the methods of NP prepara-
tion) react with alkoxy groups of a silane, replacing a capping
ligand and forming a covalent Fe—-O-Si bond. The advantage
of this method resides in the covalent bonding between the
nanoparticle surface and the functional molecule. The coating is
stable towards amphiphiles (for example, proteins or lipids).
This method, however, often leads to significant aggregation of
iron oxide NPs. In recent papers*®* condensation catalysts
were used to stimulate silane condensation and improve iron
oxide coating with silanes, but these procedures were
successful for NPs not exceeding 15 nm: for larger particles, they
resulted in aggregation.’® Stabilization of larger magnetic NPs
is especially challenging due to their strong interparticle
interactions.
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In the present paper we report functionalization of iron
oxide nanoparticles with sizes between 9 and 20 nm with two
silanes: (i)  N-(6-aminohexyl)-aminopropyltrimethoxysilane
(AHAPS) where only one end of the molecule reacts with the
surface Fe-OH groups and (ii) 3-(triethoxysilyl)propylsuccinic
anhydride (SSA) where both ends are reactive with Fe-OH. For
the first time, bifunctional succinic anhydride containing silane is
used for the formation of the discrete shells on the iron oxide NP
surface resulting in stable water soluble individual NPs.

2. Experimental part
2.1. Materials

FeCl;-6H,0 (98%), octadecane (99%), docosane (99%), iron
pentacarbonyl (99.9%), octyl ether (97%), and trimethylamine
N-oxide dihydrate (99%) were purchased from Sigma-Aldrich
and used as received. Hexanes (85%), ethanol (95%), and acetone
(99.78%) were purchased from EMD and used without
purification. Chloroform (Mallinckrodt, 100%), oleic acid (TCI,
95%) and oleic acid sodium salt (ScienceLab.com, 95%)
were used without purification. Tetrahydrofuran, THF (Mal-
linckrodt, 99.0%) was purified by PURE-SOLV systems
(Innovative  Technology, Inc). N-(6-Aminohexyl)-amino-
propyltrimethoxysilane (AHAPS) (95%) and 3-(triethox-
ysilyl)propylsuccinic anhydride (SSA) (95%) were purchased
from Gelest, Inc and used as received. Tris-borate-EDTA (TBE)
buffer (10x concentrate), Biotechnology Performance Certified
was purchased from Sigma-Aldrich and used as received.

2.2. Iron oxide NP synthesis

2.2.1 Spynthesis of y-Fe,O3 nanoparticles (NP1) from iron
pentacarbonyl Fe(CO)s. We followed the procedure described
elsewhere.*’ In a typical experiment, a three-neck round-bottom
flask (with elongated necks) equipped with a reflux condenser
and two septa, one of which contains an inserted temperature
probe protected with a glass shield, was charged with 10 mL of
octyl ether and 1.28 g of oleic acid (4.56 mmol). The flask was
degassed four times using “evacuation-filling with argon” cycles
ending with filling with argon. Then the flask was placed in
a Glas-Col heating mantle attached to a digital temperature
controller. The temperature was increased to 100 °C and 0.2 mL
of Fe(CO)s (1.52 mmol) was added to the reaction flask. The
resulting mixture was heated to reflux and refluxed for 1 h. This
led to a color change from orange to black. The resulting black
solution was cooled to room temperature and 0.34 g of dehy-
drated (CH3)3NO (4.56 mmol) was added. The mixture was then
heated to 130 °C and maintained at this temperature for 2 h.
Meanwhile, the solution turned brown. The reaction temperature
was slowly increased to reflux and the reflux continued for 1 h;
this resulted in a black solution. After cooling to room temper-
ature the particles were precipitated with ethanol and separated
by centrifugation.

2.2.2 Synthesis of iron oxide nanoparticles from Fe oleate.
The synthesis of iron oleate was carried out according to a pub-
lished procedure.*! The resultant iron oleate was either used as is
after drying at 70 °C in a vacuum oven for 24 h (notation FeOl2,
see ref. 20) or it was first extracted with ethanol and acetone to

remove impurities, including oleic acid (which is formed during
the iron oleate synthesis) and then dried at the above conditions
(notation FeOl4, see ref. 20). The spherical iron oxide nano-
particles with a mean diameter of 20.1 nm (NP2) were synthe-
sized using thermal decomposition of FeOl2, while NPs with
16.1 nm in diameter (NP3) were prepared from FeOl4.2°

In a typical experiment for NP2, 2.78 g (3 mmol) of FeOl2,
0.96 mL of oleic acid (3 mmol), and 10 g of docosane (hydro-
carbon CyHyg, solid at room temperature) were placed in the
reaction flask (see above for details regarding the flask and setup)
and the flask was degassed four times (see above). Then the
reaction mixture was first heated to 60 °C to melt the solvent and
allow the reactants to dissolve during vigorous stirring. After
that the temperature was increased to the solution’s boiling point
(around 371 °C) with a heating rate of 3.3 °C per min (set
temperature of 380 °C) under stirring and the solution was kept
at reflux for 3 min. The initial reddish-brown color of the reac-
tion solution turned brownish-black. The resultant solution was
then cooled down to 50 °C and 50 mL of a mixture of hexane and
acetone (volume ratio 1 : 1) were added into the reaction flask to
precipitate the NPs. The NPs were separated by centrifugation
and washed three times by a mixture of hexane and acetone
(volume ratio 1 : 3). After washing, the resultant NPs were again
separated in a centrifuge and dissolved in chloroform for storage.
Alternatively, only a small fraction of the reaction solution was
precipitated as described above, while the major fraction was
kept as a solid solution and precipitated when needed. The latter
procedure allows one to avoid NP aggregation in a liquid solu-
tion for prolonged storage time. Alternatively, the 16.1 nm
spherical iron oxide nanoparticles (NP3) were made from FeOl4
as a precursor, while the reaction procedure was analogous to
that described for NP2 except for oleic acid, the concentration of
which was increased by a factor of 2.2 while the iron oleate
concentration was decreased by a factor of 1.5.

2.3. Silane coating

To attach functional silanes on the NP surface, we used sonica-
tion in anhydrous THF at 50 °C in argon flow. In a typical
experiment, 10 mg of NP2 were placed in a three-neck round-
bottom flask in a chloroform solution and chloroform was
evaporated with a rotary evaporator. Then the flask was equip-
ped with a reflux condenser and two septa, charged with 0.04 mL
of SSA, and degassed three times followed with filling with Ar.
Anhydrous and degassed THF (10 mL) was added into the flask
using a degassed syringe and needle. After 5-10 min of room
temperature treatment in a sonication bath (Bransonic 1510R-
DTH Ultrasonic cleaner) to redissolve the nanoparticles, soni-
cation was carried at 50 °C for 100, 150 or 210 min. The resultant
NPs were separated from the reaction solution by centrifugation
at 9000 rpm for 20 min at room temperature and dissolved in
anhydrous THF. The procedure was repeated four times to
remove unreacted SSA. After that THF was evaporated and the
purified functionalized NPs were hydrolyzed by mixing with 5%
TBE buffer solution in a sonication bath for 20 min at 50 °C. The
resultant NPs were separated by centrifugation, washed three
times with Milli-Q water and redissolved in Milli-Q water to
form a transparent brownish-black solution.
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In the case of AHAPS, 10 mg of iron oxide NPs (NP1) reacted
with 0.02 mL of AHAPS in 10 mL of THF at 50 °C for 45 min in
a sonication bath. Longer reaction times resulted in uncontrolled
silane condensation. After precipitation and washing (see above)
the particles were redispersed in THF, ethanol or water at pH 3
after 30 min sonication.

2.4. Characterization

Electron-transparent specimens for transmission electron
microscopy (TEM) were prepared by placing a drop of dilute
solution onto a carbon-coated Cu grid. Images were acquired at
an accelerating voltage of 80 kV on a JEOL JEM1010 trans-
mission electron microscope. Images were processed with the
Adobe Photoshop software package and analyzed with the Scion
Image Processing Toolkit to estimate NP diameters. Typically,
150 to 300 NPs were used for analysis. Electron energy-loss
spectroscopy (EELS) for elemental mapping was carried out in
a scanning TEM mode using a Tecnai F20 electron microscope.
High resolution TEM (HRTEM) images were acquired at
accelerating voltage 200 kV on a JEOL 2200FS transmission
electron microscope. The same TEM grids were used for all
analyses.

Dynamic light scattering (DLS) measurements were carried
out with a Zetasizer Nano-S instrument (Malvern). DLS was
performed to measure the hydrodynamic diameter of suspended
particles in a carrier solution. Typically the diluted sample
underwent sonication for about 10-20 min and filtration with
a 0.2 mm syringe filter before the measurement. Samples were
loaded into low volume disposable sizing cuvettes. The
measurement duration was set to be determined automatically,
and data were averaged from at least three runs. Intensity and
volume distributions of the particle sizes were recorded and
analyzed.

Fourier transform infrared (FTIR) spectra were recorded on
a Nicolet 510P FT-IR spectrometer. The iron oxide NP samples
were prepared by evaporating the NP chloroform solutions on
a KBr disk. The samples of the silane coated NPs were

redissolved in anhydrous THF after purification and then
evaporated on KBr disks.

X-Ray diffraction (XRD) patterns were collected on a Scintag
theta-theta powder diffractometer with a Cu K, source (0.154
nm).

Fe content determined using X-ray fluorescence
measurements performed with a Zeiss Jena VRA-30 spectrom-
eter equipped with a Mo anode, a LiF crystal analyzer, and a SZ
detector. Analyses were based on the Fe K, line. A series of
standards were prepared by mixing 1 g of polystyrene with 10-20
mg of standard compounds. The time of data acquisition was
held constant at 10 s.

Magnetic measurements were performed on a Quantum
Design MPMS XL magnetometer using the system DC
measurement capabilities. Milligram quantities of the sample
were placed in a standard gelatin capsule. For zero field cooling
(ZFC) curves, the sample was cooled in a null field (+/—0.1 Oe) to
4.5 K. A 50 Oe field was then applied, and measurements were
taken at regular temperature increments up to 300 K. The sample
was then cooled in the 50 Oe field and the measurements repeated
at the same temperature increments for the field cooling (FC)
curves. These ZFC/FC curves were used to establish the blocking
temperature. Magnetization measurements were also made at
room temperature (300 K) by varying fields over a +7T to —7T
range.

was

3. Results and discussion

3.1. Iron oxide nanoparticles coated with oleic acid

Iron oxide NPs were prepared using two methods. In the first
method we followed the procedure described elsewhere.*® The
TEM image of a typical sample obtained in this procedure is
presented in Fig. 1a. The NPs (NP1) are uniformly spherical and
monodisperse. The mean particle size calculated from the TEM
images (out of 510 NPs) is 9.2 nm with a standard deviation of
3.4%. The XRD pattern of NP1 (Fig. 1b) contains peaks
matching well the characteristic spinel reflections.**** In ref. 40

54 (311)
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Fig. 1 TEM image (a) and XRD pattern (b) of iron oxide nanoparticles (NP1) prepared from Fe(CO)s and oleic acid.
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these particles are considered to be y-Fe,O; (maghemite). The
calculation of the nanocrystal size from the line broadening of
the XRD pattern (using the Scherer equation**) gives a value of
8.9 nm, revealing that these NPs are single crystals. This method,
although it affords monodisperse nanocrystals, is laborious and
time consuming and leads to nanoparticles in only a limited size
range.*

In the second method, we used thermal decomposition of iron
oleates,'” modifying the procedure as described in our preceding
paper.?® This allowed us to prepare monodisperse NPs ranging in
diameter from 8.5 to 23.4 nm.?® As is reported in ref. 20, these
NPs are not single crystals: their structure is composed of larger
wistite and smaller spinel crystallites. For the silane function-
alization, we used the two NP samples prepared from iron oleates
after a different post-synthesis treatment:* the 20.1 nm (NP2)
NPs derived from iron oleate (FeOI2)?° dried in a vacuum oven at
70 °C and the 16.1 nm NPs (NP3) derived from iron oleate
(FeOl4)?® extracted with ethanol and acetone (to remove oleic
acid formed during iron oleate synthesis) and dried in the same
conditions. Different post-synthesis treatment of iron oleates
leads to different iron oleate structures.?’ At the same time, the
crystalline structures of iron oxide NPs—the final products of
thermal decomposition of iron oleates—are similar indepen-
dently of the iron oleate structure as confirmed by X-ray powder
diffraction (not shown) and the HRTEM data (see Fig. 2 for NP2
and NP3). However, a similarity in the crystalline structure of
NPs does not necessarily mean a similarity in surface properties;
the latter, however, are crucial for silane coating.

To probe surface properties, we used FTIR spectroscopy. The
FTIR spectra of NP1, NP2 and NP3 are presented in Fig. 3.All
the spectra contain a strong band at 570 cm~' which is charac-
teristic of Fe-O vibrations of iron oxides.*>* The weaker
vibrations at 1094 and 1025 cm™' and 890 and 800 cm™' can be
assigned to surface Fe-OH groups.*’*® Comparison of the rela-
tive intensity of the Fe—O and Fe-OH vibrations reveals that the
highest fraction of hydroxyl groups is located on NP2, while the
lowest one is on NP3. Apparently different procedures of iron
oxide NP formation and different precursors influence the NP
surface properties. Because silane attachment occurs through
reaction with surface hydroxyl groups, the density of silane
coating should be proportional to the density of hydroxyl groups.

3.2. AHAPS coating

Aminopropyl-triethoxysilane is commonly used to place amino
groups on NPs. In AHAPS chosen in this work, two amino

Fig.2 HRTEM images of NP2 and NP3. The scale bar represents 5 nm.
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Fig. 3 FTIR spectra of NP1, NP2, and NP3.

groups are separated by six methylene groups allowing greater
diversity of further NP functionalization and more interesting
properties.
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Fig. 4 shows TEM images of NP1 modified with AHAPS.
Although initial NPs are perfectly soluble in hexane, after
AHAPS coating they can be easily precipitated by hexane.
Sonication of NP1-AHAPS in THF (Fig. 4a), ethanol (Fig. 4b)
or water at pH 3 (when amino groups are protonated, Fig. 4c)
yields particle dissolution.

Magnetic properties of the NP1 sample before and after
coating with AHAPS are presented in the ESIT (Fig. S1 and S2).
In both cases, the NPs are superparamagnetic, while the changes
in the magnetic properties are consistent with the replacement of
capping molecules.

Fig. 4 demonstrates that the NPs both exist as individual
entities and have a tendency to aggregate. However, the aggre-
gation we observe might occur only on the TEM grid, not
necessarily in solution. To probe this, we carried out DLS
measurements (ESI, T Fig. S3). The mean hydrodynamic diam-
eter for the volume-weighted size distribution of NP1-AHAPS is
51 nm. Note that the diameter of the individual NP1-AHAPS
NPs (core size of 9.2 nm) should not exceed 11.4 nm even if the
AHAPS molecules are fully extended in the NP shell, thus
revealing formation of NP aggregates in the NP1-AHAPS
solution. We believe that the low density of the OH groups on the
NP1 surface (see Fig. 3) leads to the low density of the silane
coating followed by aggregation. To explore this hypothesis, we
carried out the same reaction with the NP2 sample, containing
the highest fraction of OH groups among the NPs studied;
however, NP2 has a much larger core diameter: 20.1 nm. As
a result, NP2 showed a much stronger tendency to aggregation
(ESLt Fig. S4), suggesting that the OH group density was still
insufficient and the larger particles are more prone to
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Fig. 4 TEM images of NP1-AHAPS cast from THF (a), ethanol (b) or water at pH 3 (c).

aggregation. This is consistent with stronger interparticle inter-
actions between larger magnetic particles, than between smaller
ones made of the same material.***° The volume-weighted size
distribution of this sample in THF displays an intense peak with
a mean hydrodynamic diameter of 450 nm (ESI,¥ Fig. S1)
revealing formation of large NP aggregates. Thus, to stabilize
larger magnetic particles, denser surfactant coating is needed
which requires even higher density of the OH surface groups.
Similar results were obtained for NP3-AHAPS (ESI,{ Fig. S3),
but the aggregates are slightly smaller owing to the smaller core
size (16.1 nm).

Despite the aggregation, the change of solubility of the NPs
treated with AHAPS unambiguously shows that replacement of
oleic acid with the silane takes place. To characterize NP2—
AHAPS more accurately, we carried out FTIR spectroscopy.
The detailed description of the FTIR spectra is presented in the
ESLt Fig. SS. Here, we emphasize the unexpected change in the
FTIR spectra of AHAPS molecules after attachment to the NP
surface. The band at 1309 cm™' in the AHAPS spectrum which
can be assigned to CH,(N),*! nearly disappears in the spectrum
of NP2-AHAPS. This was surprising considering that this group
does not react during attachment to the iron oxide surface or
silane condensation. On the other hand, we observed another
consistent change in the AHAPS and NP2-AHAPS FTIR
spectra. The broad band at 3283 cm™' in the AHAPS FTIR
spectrum that we assign to the primary and secondary amino
group asymmetric stretching®? practically disappears in the NP2—
AHAPS spectrum. Taking into account that the band at 1568
cm™! in the NP2-AHAPS spectrum assigned to the amino group
deformation vibrations® remains very strong and broadens, we
can suggest that the AHAPS amino groups are adsorbed on the
iron oxide surface via hydrogen bond formation, yet this
adsorption impedes stretching vibrations, but allows deforma-
tions. The adsorption of amino groups is consistent with the low
density of AHAPS: if a dense AHAPS brush would form on the
surface, the adsorption of amino groups would be prevented.
Based on the FTIR data, we conclude that AHAPS coats the
NPs, but this coverage is rather low and evidently insufficient to
provide the individual NP stability (see discussion above).

Recently a slightly different procedure was reported to coat
NPs with silanes where instead of heating or sonication, the
catalyst (acetic acid) was added to the NP-silane mixture in
hexane.®® The authors demonstrated attachment of various

silanes. We followed this procedure for AHAPS attachment to
NP2. According to our results the AHAPS coating takes place,
however, the degree of aggregation in the aqueous solution at
pH 238 is similar (data not shown) to that observed for the NP2—
AHAPS sample prepared by sonication. Thus, the procedure
with a catalyzed silane attachment does not provide more stable
silane coated individual particles.

3.3. SSA coating

To overcome the limitation of low Fe—~OH group density and to
create a thicker and denser shell on the NP surface allowing
stable water-soluble particles, we selected SSA, both ends of
which are highly reactive. We chose NP2 for this study as these
NPs contain the highest fraction of surface hydroxyl groups.

O (I)Csz
Si—OC2Hs
o |
OC,H5
O SSA

Sonication of NP2 with SSA for 150 min (see the experimental
part for details) resulted in the formation of discrete well-defined
shells of 3.6 nm thickness; the shell is clearly visible on the TEM
image (Fig. 5a). The histogram obtained from the TEM image
(Fig. 5c) shows that the mean particle size after shell formation is
27.3 nm. By the DLS data (ESL{ Fig. S6), the mean particle
diameter is 32.7 nm, in good agreement with the TEM data.

To our surprise, after two days the mean particle diameter of
these purified NPs decreased to 22.7 nm (Fig. 5d), thus the shell
thickness decreased from 3.6 to 1.3 nm. This result becomes
comprehensible after a closer look at the TEM images presented
in the insets in Fig. 5a and b. After two days the shell becomes
much denser and hardly distinguishable from the iron oxide core.
Because the free silane is removed during purification, the radial
shell growth is blocked while the condensation within the silane
shell continues to occur during storage, leading to the increase of
the shell density (and respectively to the decrease of the shell size).

Chemical mapping by spatially resolved EELS (Fig. 6) shows
that the iron and silicon compositional maps coincide, and thus
the silicon-rich layer is located on the NP surface with SSA
covering evenly the iron oxide NPs.

This journal is © The Royal Society of Chemistry 2009
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Fig. 5 (a) TEM image of NP2 functionalized with SSA for 150 min. The grey ring in the inset is the shell formed by attachment and condensation of
SSA. (b) The same particles after two day storage in the purified THF solution (no free silane). The scale bar is 50 nm. Insets in (a) and (b) show higher
magnification images of a single particle. (c), (d) Histograms of the TEM images of the samples presented in (a) and (b), respectively.

Fig. 6 Iron (a) and silicon (b) compositional EELS maps of NP2 coated
with SSA. The scale bar is 20 nm.

An especially astonishing result was obtained, however, when
the reaction with SSA was carried out for 100 min instead of 150
min. The mean particle size in this sample measures 30.0 nm, thus
making the shell thickness 5.0 nm. The decrease of the shell size
from 5.0 to 3.6 nm in the reaction solution when the reaction time
increases from 100 to 150 min is attributed to the limited func-
tionality of NPs. Indeed, in this later time frame, free silane does
not participate due to the lack of free surface OH groups or other
hydrolyzing species (see below). Apparently, after 100 min the

fixed but loose shell is already formed (Fig. 7a) while during 50
more minutes (Fig. 5a) mainly densification (condensation) of
the polymeric shell occurs, leading to the decrease of the shell
size.

On the other hand, further increase of the reaction time to 210
min results in uncontrolled condensation of the silane and
particle aggregation (Fig. 7b). We believe that extended sonica-
tion is responsible for the silane self-condensation unrelated to
the reaction with the surface hydroxyl groups.

20 nm

om il

Fig. 7 TEM images of NP2 functionalized with SSA after 100 (a) and
210 (b) min reaction time.
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According to the FTIR spectrum (Fig. 8) of the purified
sample (no free SSA) after 150 min reaction, the bands at 1863
cm™! (the asymmetric stretching of the carbonyl group
vas(C=0)) and 1784 cm™' (the symmetric stretching of the
carbonyl group »s(C=0)) characteristic of an anhydride
group>>** are largely preserved. The band at 1733 cm™! is
assigned to the ester group.

The detailed NMR analysis of step by step shell formation in
these systems is impossible because of line broadening due to
magnetic species but based on the FTIR data and the finite shell
size observed by TEM, we tentatively suggest the following
mechanism of the SSA shell formation. We believe that the SSA
anhydride group is very reactive and may react first with the
surface hydroxyl group, Fe-OH (Scheme 1), replacing adsorbed
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Fig. 8 FTIR spectrum of the NP2-SSA (after purification of the reac-
tion solution, 150 min sonication).
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Growth of the SSA shell.

oleic acid from the NP surface. After attachment via formation of
the ester bond and the carboxylic group, a water molecule can be
eliminated due to condensation between the other surface OH
and the carboxylic group. The next step is the hydrolysis of the
terminal siloxy group by released water with formation of
a silanol group. Next the SSA molecule may react with the silanol
group either via interaction with a siloxy group (hydrolytic
condensation or sol-gel reaction) or via anhydride attachment.
The former route will result in preservation of anhydride moie-
ties while the latter one will lead to the presence of siloxy groups
in the NP exterior. The FTIR data suggest that the anhydride
moieties are mostly preserved revealing that the former route
(hydrolytic condensation) is more favorable. The shell growth
proceeds until all available OH and H,O species, which are able
to initiate the growth, are reacted. Then the shell growth stops,
while the condensation reaction may proceed further, leading to
higher density of the polymeric shell.

Evolution of a well-defined polymeric shell can be halted by
hydrolysis. Both siloxy and anhydride groups are easily hydro-
lyzed by brief sonication in 5% TBE buffer.”® After such
hydrolysis the NPs with the SSA shells are well soluble in water
and negatively charged: the Z-potential is —40.3 eV, which is
comparable with that of the PEGylated phospholipid coated
NPs used as successful templates for brome mosaic virus capsid
self-assembling.?® These hydrolyzed NPs show no aggregation
for several months as confirmed by DLS data (ESL{ Fig. S6).
The mean hydrodynamic diameter increases slightly to 37.8 nm
(vs. 32.8 nm for NP-SSA in THF) which is ascribed to the water
cloud associated with NPs due to hydrogen bonding. The TEM
image of these particles is presented in Fig. 9.

Note that the shell formation with SSA was also observed with
NP3, but the SSA coated particles were stable only for a few days

2H5
I—OCZHs
C3Hs0” |/\AQ

+SSA (1)
OCHs
i—OCzHs

+SSA (2)

OCHg
i—0CzHs
OC3Hg
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Fig. 9 TEM image of NP2-SSA hydrolyzed with 5% TBE buffer
(deposited on the carbon-coated TEM grid from an aqueous solution).

which we attribute to lower coverage by the silane due to a lower
fraction of OH groups on the NP surface.

Hence the NP2-SSA solutions are more stable both in THF
after purification and water than the solutions of NPs coated
with AHAPS due to formation of well-defined SSA shells.
Therefore, the low density of the OH groups on the iron oxide
NP surface is overcome by multiple functionality of SSA.

4. Conclusions

The advantages of the silane-based approach of NP functional-
ization are the commercial availability of numerous functional
silanes and the covalent attachment of silanes to the nanoparticle
surface affording permanent particle stabilization. However,
iron oxide NPs prepared by solvothermal methods at high
temperatures bear a low fraction of hydroxyl groups on the NP
surface preventing efficient silane coverage and stabilization of
individual nanoparticles in solution: rather comparatively stable
aggregates form. The anhydride containing silane, however,
allows us to overcome this limitation due to building up multi-
layer shell via interactions of both anhydride and siloxy groups.
The formation of a well-defined shell is determined by a finite
number of hydroxyl groups on the NP surface along with a finite
amount of produced hydrolyzing species. Subsequent evolution
of the residual functionalities leads to shells of different thickness
and density, yet this evolution can be halted by hydrolysis, after
which the NPs are water soluble, negatively charged and exhibit
excellent stability in aqueous media.
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