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ABSTRACT: The synthesis of nanoparticle-cored dendrimers

(NCDs) through surface functionalization of iron oxide nano-

particles (c-Fe2O3) by combining the conventional silane cou-

pling agent 3-(aminopropyl) triethoxysilane (APS) with

dendritic moieties is studied and presented. Much emphasis

has been put on the role play by each modifier and how they

interact not only between themselves, but also with the dis-

persing media wherein the resulting NCDs are. As a part of the

functionalization, redox-active nitro groups were introduced

onto the surface of each synthesized NCD thus making them

electrochemically active. Then, the obtained NCDs were immo-

bilized onto glassy carbon electrodes. Both the NCDs and

modified electrodes are expected to be eventually exploited in

analytical and sensing applications. VC 2014 Wiley Periodicals,

Inc. J. Polym. Sci., Part A: Polym. Chem. 2014, 00, 000–000

KEYWORDS: dendronization; immobilization; nanoparticle-cored

dendrimers; redox-active surfaces; surface functionalized

nanoparticles AQ1

INTRODUCTION Tailored synthesis of hybrid nanoparticles
(NPs) presenting well-defined functionalities is currently of
crucial relevance in materials science since the resulting
nanohybrids find an extensive scope of application, such as
in medicine,1,2 catalysis,3 films and coatings,4 as well as in
analytical5 and sensing purposes.6,7 For all nanohybrids to
be applicable specific features must be considered, such as
dispersibility, stability, and reactivity. The manner in which
these parameters interact between themselves and with the
surrounding dispersing media must also be taken into con-
sideration.8 Understandably, most of these features and
interactions strongly depend on the chemical composition of
the NPs’ surface. Organic and macromolecular chemistries
offer efficient methodologies to carry out those controlled
functionalizations on different kind of NPs’ surfaces includ-
ing inorganic ones,9 thus forming straightforward applicable
organic–inorganic hybrid nanomaterials. Thus, ligand
exchange, chemical functionalization with small organic mol-
ecules, dendritic and linear (co-)polymers, as well as layer-
by-layer deposition and monomer polymerization are some

examples of those strategies to enhance—among others—the
NPs’ reactivity, stability, and dispersibility.10 Moreover, these
surface functionalizations allow for the simultaneous incor-
poration of different functional groups, which may be
exploited afterward for further physical/chemical functionali-
zation of the NPs toward specific applications.11–15

In the present contribution, we focused on the organic sur-
face modification of inorganic NPs (c-Fe2O3) combining dif-
ferent strategies, the evaluation on how each modifier acts
and interacts with the other modifiers and with the medium
in which the final product is, along with the subsequent
study of applicability of the resulting nanohybrids toward
the generation of electrochemical sensors. To obtain the
nanohybrids, a combination of organic functionalizations
consisting in silanization and dendronization was carried
out. While silanization was mainly performed to introduce
architectural differences in the organic content, dendroniza-
tion was carried out to introduce the electroactive –NO2

groups.
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Nanoparticle-cored dendrimers (NCDs) are highly defined,
controlled core-shell nanocomposites formed by an inorganic
nanoparticle (the core) positioned at the center of the struc-
ture and an organic shell given by dendrons attached to the
core in a radial way by specific interactions. When a certain
density of dendritic wedges is attained, NCD structure is
comparable to a dendrimer backbone since both feature
defined and differentiable exterior, interior and void spaces
(cavities). Moreover, the number and nature of the outermost
functional groups determine the characteristic properties of
these hybrid materials, like solubility, reactivity or perme-
ability through the dendritic barrier.16–19

Different strategies to prepare NCDs have been described.16,18

The introduction of dendritic moieties on NPs can be per-
formed following different strategies: direct dendron binding
to the NP surface,20,21 via ligand exchange of previously stabi-
lized NPs,22,23 through dendronization24 or via divergent den-
dritic growing25 from functionalized NPs. NCDs synthesized in
diverse ways may vary in their structural parameters such as
dendron loading, presence of other organic molecules within
the modifying layer, ordering and packing density of the coat-
ing. Those differences could easily affect macroscopic and
physicochemical properties.

Therefore, different NCDs bearing aromatic dendrons and
terminal nitro groups in their periphery, able to assemble
onto carbon surfaces were synthesized following three differ-
ent pathways and fully characterized. The prepared NCDs
were then immobilized on glassy carbon (GC) electrodes in
order to generate electroactive surfaces. The aromatic rings
were expected to act as carbon-anchorage sites providing
stable attachment of the NCDs on the surfaces, whereas the
nitro-end groups provide redox-active moieties on the nano-
structured electrode able to be exploited electrochemically
for sensing purposes.26,27 The NCDs were synthesized fol-
lowing three different pathways, the first by direct dendroni-
zation of the NPs; the second by modifying first the NPs’
surface with a silane coupling agent and then dendronizing
them; and the third by modifying with the same silane cou-
pling agent those NPs that were directly dendronized at first.
One important structural feature studied for the synthesized
NCDs was how the different roles of the silane coupling
agent affect the general properties of the resulting products.
Finally, the applicability of the synthesized NPs was studied
toward the preparation of modified GC electrodes.

EXPERIMENTAL

Materials and Equipment
Dendron ((3,5-Bis(3,5-dinitrobenzoylamino) benzoyl chlo-
ride) (G1-ClNO2) was synthesized following a procedure pre-
viously reported by our group28 from its Kakimoto’s type
precursor (3,5-Bis(3,5-dinitrobenzoylamino) benzoic acid
(G1-NO2);

29 3-(aminopropyl) triethoxysilane (APS, Sigma
Aldrich, 99%) was used as received; N,N-dimethyl acetamide
(DMAc, Tedia) and toluene (Ciccarelli) were dried and stored
over 4 Å molecular sieves. Acetonitrile (ACN, Sintorgan) and

dimethyl sulfoxide (DMSO, Sintorgan) were HPLC grade and
used as received. Iron oxide maghemite (c-Fe2O3) nanopar-
ticles (NPs, Integran Tech. Inc.), with a nominal size of 9 nm,
were used as received. The rest of commercially available
chemicals were reagent grade and used without further purifi-
cation. All solutions were prepared immediately prior to use.
Phosphate buffer solutions (PBS, 0.1 M Na2HPO4/NaH2PO4)
were prepared. Water was purified with a Millipore Milli-Q
system. APS coupling reactions were performed in a TestLab
ultrasound bath at 30 �C. Dialyses were carried out using ben-
zoylated cellulose membranes, 32 mm wide (Sigma-Aldrich),
MWCO5 2000 g mol21, at constant stirring. Centrifugation
was performed in a Christ centrifuge at 6000 g.

Conventional transmittance (FT-IR) and diffuse reflection
Fourier transform (DRIFT) infrared spectra were recorded
using a Nicolet-5SXC spectrometer, 64 scans in average, at a
resolution of 4 cm21. Infrared data were processed using the
EZ Omnic E.S.P. 5.1 software. The spectra shown are normal-
ized. The physical mixtures between NPs and dendron (PM
1) as well as NPs-APS and dendron (PM 2) were prepared
using the same molar amount of dendron used for the cova-
lent binding reactions (see synthesis of NCD-1 and NCD-2,
respectively). UV spectra were recorded using a Shimadzu
MultiSpect 1501 spectrometer, between 200 and 800 nm at
25 �C. TGA measurements were performed using a H1-Res M
TGA 2950 from TA Instruments, under nitrogen flux (50 mL
min21), in sealed aluminum pans, heating up to 1100 �C at
10 �C min21. The equipment was calibrated through the
determination of the Curie point. Organic contents were cal-
culated following a reported procedure.30 TEM images were
recorded using a Philips CM12 (FEI, OR) electronic micro-
scope operated at 100 kV. Samples were prepared by drop-
casting the proper dispersion onto standard carbon-coated
colodion films copper grids (200-mesh), followed by the nat-
ural solvent evaporation. For each sample, a minimum of
four different regions were studied. The images were ana-
lyzed using the ImageJ 1.32j software.

Chemical Modification of c-Fe2O3 Nanoparticles
Synthesis of NCD-1 (Route 1)
In a three-neck flask equipped with a magnetic stirrer and a
nitrogen inlet, dendron G1-ClNO2 (5.3 3 102 5 mol) was
synthesized.28 After cooling the flask at 25 �C, a dispersion
of NPs (100 mg, 5.3 3 1025 mol -OH) in DMAc (10 mL) was
added. The system was stirred (1500 rpm) at 25 �C for 6 h,
then allowed to reach room temperature and stirred for
additional 18 h. A dark red dispersion was obtained, which
was poured into cold HCl(aq) (1.5 M, 50 mL) to hydrolyze the
remaining G1-ClNO2 and then centrifuged to separate the
particles. The solid was washed and recovered through
exhaustive redispersion-centrifugation cycles in water. The
obtained product was dialyzed against acetone to eliminate
the non-covalently attached dendron, followed by two wash-
ing and centrifugation cycles in acetone. The completion of
every purification step was determined by means of FT-IR,
checking the absence of impurities in the supernatant. The
product was dried under vacuum at 45 �C until constant
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weight (�48 h), obtaining a reddish-brown solid (50 mg).
Yield (in mass)5 50%. DRIFT mmax (cm21)5 3400 (OH str),
3101 (CH str), 2958–2026 (CH str), 1700–1610 (C5O ester
str and amide Bands I-II), 1540 and 1344 (nitro asymmetric
and symmetric str); 640–560 (Fe-O str). Organic content (by
TGA): 5%.

Synthesis of NPs-APS (Route 2, First Step)
The silanization of NPs with APS was achieved following a
modified procedure based on previous reports.31,32 In a two-
neck flask equipped with a nitrogen inlet, a dispersion of
NPs (500 mg, 2.6 3 1024 mol -OH) in toluene (100 mL) was
prepared. After adding APS (1 mL, 4.34 3 1023 mol) via
syringe, the mixture was sonicated for 3 h at 30 �C and then
centrifuged. The modified NPs were washed and recovered
by redispersion-centrifugation cycles in THF to eliminate the
non-attached APS. The absence of impurities in the superna-
tant was verified by FT-IR. The precipitate was dried under
vacuum at 45 �C until constant weight (�48 h), obtaining a
reddish-brown solid (280 mg). Yield (in mass)5 56%. DRIFT
mmax (cm21)5 3440 (OH str), 2940-2876 (aliphatic CH str);
1560 (NH bend); 1130–1030 (Si-O-Si and Fe-O-Si str); 640–
560 (Fe-O str). Organic content (by TGA): 4%.

Synthesis of NCD-2 (Route 2, Second Step)
In a three-neck flask equipped with a magnetic stirrer and a
nitrogen inlet, G1-ClNO2 (5.3 3 1025 mol) was synthe-
sized.28 After cooling the flask at 25 �C, a dispersion of NPs-
APS (100 mg, 5.3 3 1025 mol -OH) in DMAc (10 mL) was
added. The system was stirred (1500 rpm) at 25 �C for 6 h,
then allowed to reach room temperature and stirred for
additional 18 h. A dark red dispersion was obtained, which
was poured into cold HCl(aq) (1.5 M, 50 mL) and centrifuged.
The solid was washed and separated through exhaustive
redispersion-centrifugation cycles in water and acetone to
eliminate the non-covalently attached dendron. The absence
of impurities in the supernatant was determined by means
of FT-IR. The product was dried in vacuum at 45 �C until
constant weight (�48 h), obtaining a reddish-brown solid
(35 mg). Yield (in mass)5 35%. DRIFT mmax (cm21)5 3440
(OH str), 2960–2853 (CH str); 1680–1600 (amide bands I-
II); 1541 and 1345 (nitro, asymmetric and symmetric str);
1130–1030 (Si-O-Si and Fe-O-Si str); 640–560 (Fe-O str).
Organic content (by TGA): 6%.

Synthesis of NCD-3 (Route 3)
In a two-neck flask equipped with a nitrogen inlet, a disper-
sion of NCD-1 (24.8 mg) in toluene (5 mL) was prepared.
After adding APS (0.05 mL, 0.212 mmol) via syringe, the
mixture was sonicated for 3 h at 30 �C and then centrifuged.
The modified NPs were washed and recovered by
redispersion-centrifugation cycles in THF to remove all unat-
tached APS. The absence of impurities in the supernatant
was verified by FT-IR. The precipitate was dried under vac-
uum at 45 �C until constant weight (�48 h), obtaining a
reddish-brown solid (20 mg). Yield (in mass)5 81%. DRIFT
mmax (cm21)5 3420 (OH str); 2970–2880 (CH str); 1650–
1560 (C5O ester str and NH bend); 1543 and 1345 (nitro,

asymmetric and symmetric str); 1130–1000 (Si-O-Si and Fe-
O-Si str); 640-560 (Fe-O str). Organic content (by TGA):
10%.

Dispersibility and Stability Studies
G1-NO2, APS, the unmodified and all modified NPs dispersions
were characterized by UV-Vis spectroscopy in several organic
solvents such as toluene, acetone, ACN, DMF, and DMSO. All
UV-Vis spectroscopy studies were carried out using ACN as
solvent due to its low cut-off wavelength (ca. 190 nm). To this
end, dendron solutions of different concentrations (from 1.8
to 15.0 mM), APS solutions (17.0 mM), and dispersions of
unmodified and modified NPs (from 0.100 to 0.005 mg mL21)
were prepared. All dispersions were sonicated for 5 min at
25 �C, rapidly transferred to a cuvette and immediately meas-
ured. Spectra were recorded every 3 min for a total time of
12 min. Dispersibility was evaluated qualitatively. The absorb-
ance values at 400 nm were used to calculate dispersion sta-
bility as the decay of absorption as a function of time at the
mentioned wavelength after 12 min as follows: Abs. decay-
5 100 (Abst502Abst512)/Abst50.

Electrochemical Measurements
Electrochemical measurements were performed using an
Autolab electrochemical analyzer and a conventional three-
electrode system, comprising a glassy carbon working elec-
trode, a platinum foil as counter-electrode, and an Ag/AgCl
3.0 M NaCl electrode (from BAS) as reference. All potentials
were reported versus the Ag/AgCl reference electrode at
room temperature. Nitrogen gas was used to deaerate all
aqueous solutions before use.

Preparation of the Working Electrode
3.0 mm-GC electrodes (CH Instruments, Inc. Austin, TX) were
polished with 1.0, 0.3, and 0.05 mm alumina slurry on a
microcloth pad, rinsed with water and ethanol, sonicated for
10 min in distilled water and dried under nitrogen flux.

Attachment of Unmodified and Modified NPs onto GC by
Self-Assembly
A cleaned GC electrode was incubated in a dispersion of the
corresponding NCD (1 mg mL21) in DMSO at intervals ranging
from 15 min up to overnight. The modified surface was subse-
quently rinsed with copious volumes of DMSO, water and etha-
nol, and measured immediately by cyclic voltammetry (CV).

The following control experiments were carried out: first, a
cleaned GC surface was drop-casted with a dispersion of
unmodified NPs (1 mg mL21) in DMSO, and it was naturally
evaporated. Then, the modified electrode was measured by
means of CV. A second control experiment similar in proce-
dure was performed but using NPs-APS (1 mg mL21) dis-
persed in DMSO.

RESULTS AND DISCUSSION

Experimental Design and Synthesis
The syntheses of the NCDs were carried out by covalent
attachment of a first-generation dendron (G1-NO2) onto c-
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Fe2O3 NPs following three different pathways as presented
in SchemeS1 1.

The first pathway involved first the activation of the dendron
by forming its acid chloride,33 which is then reacted with the
NPs, thus binding the dendron directly onto NPs [see Path-
way 1, Scheme 1(a)]. After rigorous and spectroscopically
controlled purification steps, NCD-1 was obtained as a
reddish-brown powder (50%).

The second synthetic pathway was a modified procedure
from previously reported ones24,34 consisting in modifying
first the NPs with 3-(aminopropyl) triethoxysilane (APS), and
making the dendronization as a second step. Thus, NPs were
silanized and purified generating NPs-APS as a reddish-
brown powder (56%). Then, NCD-2 was obtained by dendro-
nizing the freshly synthesized precursor NPs-APS as a
reddish-brown powder (35%). The procedure is shown in
Scheme 1(b) as Pathway 2. A consequence of this method is

that APS, or a layer formed by polymerized APS, could be
viewed as a flexible linker or spacer between the rigid den-
dron and the hard NPs’ surface.

Finally, the third followed pathway exploited the freshly gen-
erated NCD-1 as starting material to be reacted with APS,
thus obtaining NCD-3 as a reddish-brown solid (81%). This
method is shown as Pathway 3 in Scheme 1(c). Unlike the
synthesis of NCD-2, silanization to generate NCD-3 takes
place only after the dendron is already attached to the hard
NPs’ surface. Therefore, APS plays a different role in NCD-3
than in NCD-2, being in this case considered a synthetic
complement in this new structure.

Clearly, these three strategies lead to three different NCDs
with unlike nanostructured and chemical compositions on
their surfaces, which may therefore present different fea-
tures. To gain deeper insights on these systems all syntheses
were performed in a comparative fashion, meaning that

SCHEME 1 Synthetic pathways followed to prepare NCDs containing aromatic nitro-end groups: (a) Pathway 1: dendron is directly

attached to the NPs via dendronization; (b) Pathway 2: achieved in two steps, once silanization with APS is finished, dendroniza-

tion is carried out, placing APS between the rigid dendron and the hard NPs’ surface acting as a flexible linker; (c) Pathway 3: in

this case NCD-1 is used as starting material for coupling the APS agent, introducing a silane layer as a synthetic complement to

the already incorporated dendron. Reaction conditions: (i and iii) G1-ClNO2, DMAc, 0 �C—r.t., N2, 24 h; (ii and iv) APS, toluene,

ultrasonic bath, N2, 30 �C, 3 h.
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those steps involving G1-ClNO2 binding were performed
using equal molar amounts of dendron, and those where
APS was incorporated were also performed using equal
molar amounts of the silane agent.

Synthesis of NCDs Bearing Terminal Nitro Groups
All intermediates and final products were fully characterized
by TGA, TEM, and UV-Vis and IR spectroscopy. The DRIFT
method was used since it has been previously shown to be a
powerful technique to gain better insight into the chemical
composition at the surface and/or the outer part of
NPs.35–37

DRIFT Characterization
NCD-1
FigureF1 1(a–d) shows the DRIFT spectra of the unmodified
NPs, the pure dendron (its chemical structure is shown in
Scheme 1, Synthetic Pathway 1), a physical mixture formed
by the unmodified NPs and the dendron (PM 1), and NCD-1.
The latter evidences new signals attributed to the incorpora-
tion of dendron: C-H stretching (3101, 2958, and
2926 cm21), ester C5O stretching and amide bands I-II
(wide band at 1700–1610 cm21); nitro asymmetric and sym-
metric stretchings (1540 and 1344 cm21, respectively), and
out-of-plane aromatic C-H bending (910 cm21). Other char-
acteristic signals from c-Fe2O3 such as O-H stretching
(3400 cm21) and Fe-O stretching (640–560 cm21) are also
observed. In fact, the strong intensity of the former indicates
a high amount of remaining non-reacted hydroxyl groups,
suggesting a low dendron loading.

Note that the spectrum of NCD-1 [Fig. 1(d)] shows three C-H
stretching bands. Although with a decreased intensity, the
first one is located at the very same wavenumber that the
aromatic C-H stretching of the pure dendron (3101 cm21),
whereas the other two bands (2958 and 2926 cm21) are
located at lower wavenumbers than those of normal aro-
matic C-H stretching (>3000 cm21). The presence of ali-
phatic impurities or unattached dendron in the sample is
discarded since the product was thoroughly purified; these
new bands may indeed belong to aromatic C-H groups
vibrating at lower frequencies due to the covalent binding of
the dendron onto the NPs.

A control experiment to determine whether this effect (shift-
ing to lower wavenumbers on the spectrum) actually takes
place or is an artifact was performed. To this end, a physical
mixture between unmodified NPs and dendron (PM 1) was
prepared and studied. Spectrum c (PM 1) shows to be the
net sum of the spectra of the two components (NPs and den-
dron). Moreover, it clearly evidences the presence of the aro-
matic C-H stretching band at 3101 cm21 as for the pure
dendron (b) and no bands at �2900 cm21. Thus, such new
bands (2958 and 2926 cm21) in NCD-1 spectrum may be
assigned to aromatic C-H stretching whose frequency has
lowered as a consequence of the covalent attachment of the
dendron onto the NPs’ surface. Previous reports on the cova-
lent binding of aliphatic molecules onto plane and curved
metallic surfaces via self-assembly have shown a similar

effect.38,39 These molecules may experience conformational
changes related to their order and packing onto the surface.
This process affects their C-H stretching vibrations either
varying their intensity and/or lowering their frequencies in
relation to the pure compound.38,39 Whereas this effect is
well-documented for aliphatic molecules, to the best of our
knowledge this is not the case for the covalent binding of
aromatic molecules on surfaces. However, a recent work by
Griffete et al.40 on the covalent functionalization of magnetite
NPs with aromatic molecules through diazonium salt cou-
pling evidences a similar effect as in our case, where the aro-
matic C-H vibrations have shifted to lower frequencies in
relation to the pure compound; unfortunately, the authors
did not discuss this change any further.

Another important feature in the NCD-1 spectrum is the out-
of-plane aromatic bending of the dendron. This peak present
at 920 cm21 in both spectra the pure compound and the PM
1 respectively also shows a small frequency lowering to
910 cm21 in the NCD-1 spectrum. This effect may have the
same origin as the one previously shown for the C-H stretch-
ing vibrations. Finally, the presence of the two wide bands
located between 1700 and 1610 cm21 (ester C5O stretch-
ing) and between 1100 and 1020 cm21 (combination of
ester C-O stretching bands) in the NCD-1 spectrum, which
are absent in the PM 1 spectrum, clearly evidences the cova-
lent binding of the dendron to NPs through an ester forma-
tion following the synthetic pathway 1.

NCD-2
Synthetic pathway 2 consisted in two steps: first the silane
agent, APS, is coupled to the hydroxyl groups on the NPs’
surface leaving amino groups exposed for further functionali-
zations. These reactive amines are then used in the second

FIGURE 1 DRIFT spectra of the unmodified NPs (a); pure G1-

NO2 (b); PM 1, the physical mixture between NPs 1 G1-NO2 (c);

and NCD-1 (d).
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synthetic step as linking points to anchor the dendron cova-
lently through amide formation.

FigureF2 2(a–e) shows the DRIFT spectra of the unmodified
NPs, APS, amino silaned NPs (NPs-APS), a physical mixture
formed by the freshly synthesized NPs-APS and the dendron
(PM 2), and NCD-2.

Couplings of alcoxysilanes on oxide surfaces are proposed to
occur through a multistep mechanism,41–43 and their charac-
terization is well documented. Based on this knowledge, Fig-
ure 2(c) shows the DRIFT spectrum of NPs-APS where all
characteristic new signals associated with a successful silane
coupling are present: aliphatic C-H coupling (2932 and
2876 cm21), N-H bending (1560 cm21), and Si-O-Si and Fe-
O-Si asymmetric stretchings (1130–1030 cm21).

In the second step of pathway 2 the dendron was covalently
attached to NPs-APS to obtain NCD-2. Note that the dendron
could link to NPs-APS either by amidation through the
exposed amino groups of the attached silane or by esterifica-
tion through the hydroxyl moieties that remain on the NPs’
surface. Although the higher nucleophilicity and mobility of
the -NH2 groups compared to the -OH moieties would favor
the amidation pathway, it is important to consider that those
amino groups could also be buried into silane layers and/or
compromised in hydrogen bonding interactions, thus reduc-
ing their availability and accessibility towards any chemical
functionalization.44

To further study the dendronized product NCD-2, a new con-
trol experiment was carried out similarly to the one per-
formed before forming PM 1. To this end, a new physical

mixture between NPs-APS and pure dendron was prepared
(PM 2) and studied. Its DRIFT spectrum is shown in Figure
2(d). The frequency lowering of aromatic C-H stretching
bands after dendronization was observed as for PM1, sug-
gesting the successful covalent attachment of the dendron.

In relation to its precursor, NPs-APS, the DRIFT spectrum of
NCD-2 [Fig. 2(e)] shows new features: the broadening of the
2960–2900 cm21 bands (C-H stretching), the broadening of
the 1680–1600 cm21 signal (sum of the Bands I-II of amide)
and two new signals at 1541 and 1345 cm21 (nitro asym-
metric and symmetric stretchings, respectively). A decrease
in the intensity of the 1130–1030 cm21 signal (Si-O-Si and
Fe-O-Si asymmetric stretchings) is also observed. After den-
dronization, such linkages are buried deeper into the organic
layer and become less visible in the DRIFT spectra. Moreover,
NCD-2 spectrum also presents the broadening of the band
located between 1680 and 1600 cm21 (convolution of the
bands I-II of the new amide groups), not observed in PM 2,
thus also suggesting the successful covalent attachment of
the dendron to NPs-APS.

Finally, it must be pointed out that while the reaction
between the activated dendron, G1-ClNO2, and the –OH from
the NPs’ surface is possible, no evidences of such esterifica-
tion were ever found. Therefore, this reaction is assumed not
to happen, or at least not in a significant manner.

NCD-3
Synthetic pathway 3 exploited the remaining hydroxyl
groups from the c-Fe2O3 on NCD-1 after dendron binding as
anchoring sites for the covalent coupling of APS as a syn-
thetic complement. To the best of our knowledge, this kind
of methodology is being presented for the first time ever in
this article.

In relation to its precursors, NCD-1 and APS [Fig. F33(a,b)], the
spectrum of NCD-3 [Fig. 3(c)] shows new features indicating
the successful covalent attachment of APS: aliphatic C-H
stretching signals evidenced as the broadening of the bands

FIGURE 2 DRIFT spectra of the unmodified NPs (a); pure APS

(b); NPs-APS (c); PM 2, the physical mixture between NPs-

APS 1 G1-NO2 (d); and NCD-2 (e).

FIGURE 3 DRIFT spectra of NCD-1 (a); pure APS (b); and NCD-

3 (c).
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positioned at 2970 and 2880 cm21, N-H bending seen as the
broadening of the 1650–1560 cm21 band (overlapped with
C5O ester stretching), and Si-O-Si and Fe-O-Si asymmetric
stretchings confirmed as the broadening of the signals
located between 1130 and 1000 cm21 (overlapped with C-O
ester stretching combination bands). It is worth mentioning
that the signals corresponding to hydroxyl, amino, ester and
nitro groups are present, albeit with a slight frequency varia-
tion in relation to the precursors; probably due to the forma-
tion of hydrogen bonding interactions among these moieties
in the organic coating.39

TGA and TEM Characterization
FigureF4 4 presents TGA studies carried out to gain better
insights about the organic loading of the NPs and the effec-
tiveness of each synthetic step.

As mentioned, the organic content of all modified NPs was
obtained by TGA based on reported methods.30,45 Figure
4(a) shows the thermograms of the unmodified and all
modified NPs. Unmodified NPs showed only a slight weight
loss below 220 �C, which was attributed to water loss. Sys-
tems NPs-APS, NCD-1, NCD-2 and NCD-3 also presented a
minor weight loss until 250 �C of about 1% each, which is
attributed to water and EtOH loss, the latter being from pos-
sible condensation reactions of any probably remaining
unreacted Si-OEt groups from incomplete condensation dur-
ing silanization steps.46 All modified hybrid NPs showed
their main weight loss between 250 and 800 �C as a multi-
step process corresponding to a progressive thermal decom-
position of the organic content occurring in several closely
related but undistinguished stages, thus making assignation
of fragments impossible. Beyond 800 �C all thermograms
remained constant. Thus, the thermal decomposition of the
organic content of each system was ascribed to take place in
the mentioned range of temperatures. Therefore, the organic
content of every system as well as the organic loading
achieved in every synthetic step are calculated by taking into
consideration the weight loss between 250 and 800 �C.
Clearly, a higher weight loss corresponds to a higher organic
loading. The results show that NCD-3 presents the highest
organic content (10%), followed by NCD-2 (6%), NCD-1
(5%), NPs-APS (4%), and finally the unmodified NPs (0%).

As the success of each reaction to modify the NPs strongly
depends not only on the nature and amount of functional
groups on the substrate and the stoichiometry ratio, but also
on their accessibility and availability, it was important to
quantify their efficiency. Based on the previous TGA results
and according to the way in which the synthetic strategy
was carried out, the organic loading in each step—dendroni-
zation and silanization distinguished in the TGA plot in Fig-
ure 4(a) by black and grey brackets, respectively—is also
determinable. This is possible because some of the already
synthesized and characterized systems were indeed used as
starting materials for the following steps. Thus, the organic
loading for every step in each system was estimated and is
presented in Figure 4(b). Note that the dendronization step

on the unmodified NPs to generate NCD-1 (5%) is more effi-
cient than the one on NPs-APS to obtain NCD-2 (2%). This
indicates that the amine groups introduced as potential
anchoring are less available than expected. This result is in
agreement with the one previously reported by Panella
et al.47 showing that in APS-functionalized SiO2-coated mag-
netic NPs the amount of amino groups chemically available
to react via covalent binding is less than 40% compared to
the value determined by TGA. Possible reasons for this
reduced reactivity are that the incorporated amine groups
on the NPs may be experiencing non-covalent interactions
such as hydrogen bonding with -OH groups from the c-
Fe2O3, with other amines, and/or with remaining silanols,
thus being less available for covalent binding.44,48,49 More-
over, some amine groups may also be buried inside a three-
dimensional polysiloxane layer resulting from a certain oligo-
merization of APS on the NPs’ surface, being unreachable
and therefore inaccessible to react.49,50 Those situations
combined (schematically represented in Scheme S22) produce
the lack of reactivity of the potential anchoring sites for the
dendrons, making NPs-APS less reactive against dendroniza-
tion than the unmodified NPs.

A different situation is observed for the silanization proc-
esses. APS functionalization of NCD-1 to prepare NCD-3
(5%) resulted slightly more efficient than the silanization of
unmodified NPs to obtain NPs-APS (4%). This result may be
explained in terms of the different dispersibility of the
diverse substrates in the reaction solvent (toluene). NCD-1 is
much better dispersible in organic solvents than the unmodi-
fied NPs due to the compatibility between its organic con-
tent on the surface and the solvent, thus favoring not only

FIGURE 4 (a) TGA thermograms of the unmodified and all

modified NPs. The weight loss values of every synthetic step

are indicated in black (dendronization) and grey (silanization)

brackets, respectively. (b) Summary of the estimated organic

contents achieved in every synthetic step for all systems.
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the encounter between the different reactive species but also
the reaction conditions.

TEM has also been exploited to study the surface modifica-
tion of NPs demonstrating that a high silane grafting density
onto magnetic NPs is observed in TEM images as a clear
layer of different contrast covering the inorganic surface.51

In our case, however, there is no noticeable contrasting halo
surrounding the NPs for any of the modified NPs, as it can
be seen in FigureF5 5(a). This result is not only consistent
with the idea of a low organic content, but also with the
TGA results.

Finally, the low organic loading on the modified NPs and the
nature of the modifiers preserve the magnetic character of
the original NPs, as observed upon exposure to a magnet.
Figure 4(b) shows that when the magnet is approached to
the vessel the hybrid NPs go toward the magnet accumulat-
ing themselves against the wall, leaving a clear and translu-
cent solution. The original perfectly dispersed system is
easily reestablished after taking away the magnet and a
short sonication time. It must be stated here that deeper
studies of the magnetic properties of the modified NPs are
beyond the scope of this work. Nevertheless, this feature

could, eventually, be envisaged as a mean to purify systems
where these NCDs are used as either nanomodifiers or func-
tionalizable scaffolds, as previously reported for similar
systems.52

UV-Vis Characterization. Study of Dispersibility and
Stability of NP Dispersions
Stability of magnetic NP dispersions is a crucial requirement
for almost any application.43,53 While for biomedical applica-
tions water-dispersible iron oxide NPs are mostly used,54,55

some other industrial and/or catalytic applications require
magnetic NPs to be well dispersible in organic media.56,57

The dispersibility of the modified NPs was studied in differ-
ent organic solvents. To this end, dispersions of identical
concentration (0.005 mg mL21) were sonicated and the pres-
ence of nondispersed solid was evaluated qualitatively. The
dispersibility order in DMSO is the following: NCD-2>NCD-
3 � NCD-1 >> NPs-APS � NPs. Similar results were
observed in DMAc and ACN. It must be noted that once dis-
persed, both unmodified NPs and NPs-APS precipitated very
quickly, whereas all NCD dispersions did it at variable times.

As a way to quantify the different stabilities for the NCD sys-
tems, their spectral evolution as a function of time was stud-
ied and the absorbance decays were calculated after 12 min
using the absorbance values at k 5 400 nm and using the
following formula: Abs. decay5 100 (Abst5 0 min – Abst512 min)/
Abst5 0 min (Fig. F66). To this end, solutions of APS and den-
dron [Fig. 6(a)], as well as dispersions of the unmodified
and all modified NPs [Fig. 6(b)] were prepared and charac-
terized by UV-vis spectroscopy using ACN as solvent. The
spectrum of APS does not present any band in the studied
range, while the dendron’s spectrum presents a pronounced
absorbance band at 237 nm (kmax) and a shoulder located at
325 nm. Neither the unmodified NPs nor NPs-APS show any
absorbance bands and only indicate the scattering of light
and a noticeable spectral noise, likewise in the case of func-
tionalized magnetite microspheres reported by Leung et al.58

In contrast, the spectra of dendronized NPs (all three NCD
systems) are similar to the spectrum of the free dendron
since the mentioned absorbance bands are seen, although
they appear remarkably blue-shifted to kmax� 230 nm.
NCD-1 presents the lowest shifting (kmax 5 230 nm) whereas

SCHEME 2 Simplified representation of non-covalent interac-

tions and effects causing lack of reactivity on the introduced

amine groups, such as H-bondings ( ), oligomeric silane spe-

cies responsible for burying amine groups ( ), and possible

incomplete siloxane condensation reactions ( ). [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]AQ4

FIGURE 5 (a) TEM images of unmodified NPs (i), NPs-APS (ii), NCD-1 (iii), NCD-2 (iv), and NCD-3 (v). (b) Photographs exhibiting

the reversible behavior of the synthesized hybrid NPs before and after being exposed to a magnetic field, NCD-2 is shown to

exemplify the effect. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the kmax of NCD-2 and NCD-3 are out of the measured UV
window (i.e., kmax< 200 nm). The blue-shifting in the
absorbance bands of NCDs in relation to the free dendron
spectrum accounts for an increase of the required energy
for those electronic transitions to occur59 when the den-
dron forms the organic layer. This effect could be origi-
nated in non-covalent interactions between adsorbate
neighboring molecules among the organic layer (lateral
interactions), for example through hydrogen bonding or
aromatic p-stacking. Indeed, previous studies on the non-
covalent adsorption of a pyrene derivative on carbon nano-
tubes via p-stacking interactions have evidenced a similar
blue-shift.60

Considering that the lowest absorbance decay corresponds
to the highest dispersion stability, the established order for
the stability of all dispersions is as follow: NCD-2>NCD-
3>NCD-1 >>> NPs-APS � NPs.

The combined results between the dispersibility and stability
studies suggest that independently of the total amount of
organic loading for each system, the solvation capability of
their components is what favors both the dispersibility and
the stability of the systems. It can be seen that the biggest
effect is associated not only with the absence or presence of
the dendron, but also with the way it is attached onto the
NPs’ surface. Thus, the highest dispersability and stability is
achieved for the system where dendrons are attached to the
particle surface through a flexible linker or spacer (NCD-2)
enabling a much better solvation of the dendritic moiety,
which then helps to stabilize the entire system. This effect is
comparable to the steric stabilization of microgels due to the
solubilization of the dangling chains on their surfaces.35

Unlike NCD-2, NCD-1, and NCD-3 bear exactly the same
amount of dendrons covalently attached directly to the NPs’
surface. These two systems presented similar dispersibilities,
being in-between the most dispersible one (NCD-2) and the
least dispersible ones (NPs-APS and unmodified NPs). How-
ever, their stabilities were very different. This difference is
clearly caused by the APS contained in NCD-3, which is not
present in NCD-1. Once again, we attribute this better stabil-
ity of NCD-3 compared to NCD-1 to the better solvation of

the organic modifiers on the particle surface. While the den-
dron moiety is similar in both systems, an extra contribution
from the APS solvation may be the reason for an enhanced
stability of NCD-3 compared to NCD-1. Therefore, APS also
influences the behavior of the NCDs, although in a less rele-
vant manner than the dendron. Finally, the two systems
where no dendrons were incorporated (NPs and NPs-APS)
showed to be the least dispersible and the least stables. This
result highlights the importance of the molecular ordering
and how the role played by the silane and the dendron may
modify the physicochemical properties of these hybrid nano-
materials. It must also be mentioned that NCD-3, which also
shows good properties, presents the advantage of having,
besides the dendrons and a silane layer, many fully functio-
nalizable amine groups able to be exploited for different pur-
poses toward a variety of applications.

Application of NCDs Toward the Generation of
Electroactive GC Electrodes
The immobilization of NCDs on GC electrodes through self-
assembly was carried out as schematically shown in
Scheme S33. It has been demonstrated that the free dendron is
capable to rapidly self-assemble on carbon surfaces through
its aromatic moieties.26,61 Thus, the presence of dendrons in
the NCDs was exploited to act as a linker to efficiently
immobilize the modified NPs onto carbon surface, while the
nitro groups were expected to provide redox activity.26,27

Scheme 3(a) shows that while all NCDs systems were suc-
cessfully immobilized by self-assembly onto GC electrodes,
the unmodified NPs and NPs-APS were not, even after subse-
quent prolonged immersion times.

Clearly, additional surface analyses are needed to know and
understand the influence of the real organization and possi-
ble nanostructuration underwent by the NCDs on the GC sur-
face. However, as they were electrochemically active, we
focused this section on the feasibility of GC electrodes. Much
emphasis was put on the electrochemical responses regard-
ing the structural differences in each NCD studied. Thus,
although the surface analysis would indeed provide

FIGURE 6 UV-Vis spectra of APS and dendron solutions in ACN (a). UV-Vis spectra of unmodified and modified NPs dispersions

in ACN (b). Plot representing the absorbance decay (Abs. decay) determined for the NCDs dispersions(c). Abs. decay was calcu-

lated as follow: Abs. decay 5 100 (Abst 5 0 min – Abst 5 12 min)/Abst 5 0 min; where all absorbances were measured at 400 nm. Condi-

tions: NCDs dispersions were 0.005 mg mL21 in ACN and at 25 �C. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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important insights about the system as a whole, it was con-
sidered at this stage out of the scope on this particular
publication.

The modified GC electrodes (GC/NCDs) generated by suc-
cessfully attaching the NCDs onto GC surfaces were studied
by cyclic voltammetry through the measurement of the elec-
trochemical response of the nitro groups (Fig.F7 7).

To verify that all electrochemical responses were indeed gen-
erated by the nitro groups introduced on the GC electrodes
by immobilization of the NCDs, the following control experi-
ments were carried out. As unmodified NPs and NPs-APS
could not be immobilized by self-assembly, they were depos-
ited on the GC electrodes by drop-casting without any clean-
ing or purification step afterward [Scheme 3(b)]. The treated
surface was then electrochemically characterized by cyclic
voltammetry. The voltammograms of these two particular
samples display only one cathodic peak at 20.30 V vs. Ag/
AgCl, attributed to the irreversible reduction of the Fe31 spe-
cie present in c-Fe2O3 [see Fig. 7(a)]. This result is in agree-
ment with those from the literature.62 Thus, the lack of any
other faradaic processes within the measured potential win-
dow indicates that no other electrochemically active group is

present on the systems. This also suggests that all electro-
chemical responses observed for the GC/NCDs were indeed
generated by the nitro groups belonging to the NCDs and
that the presence of the Fe31 species from NP core does not
interfere with the visualization of the nitro response.

The voltammogram for the system GC/NCD-2 is shown as a
model system in Figure 7(b), and the associated chemical
transformation of the functional groups are shown in Figure
7(d). The cathodic waves at 20.48 V and 20.60 V during
the first scan are associated to the four-electron reduction of
each nitro moiety to the corresponding aryl hydroxylamine
onto GC. On the subsequent sweep, the two pairs of anodic
and cathodic peaks are attributed to the two-electron oxida-
tion/reduction of the aryl-hydroxylamine/aryl-nitroso moi-
eties. This behavior has been explained considering the
differences in energy for the reduction of the two -NO2 sub-
stituents in each aromatic ring of the dendron.26

The electrochemical responses observed for GC/NCD-1, GC/
NCD-2, and GC/NCD-3 are qualitatively very similar, however
it can be seen in Figure 7(c) that there are important quanti-
tative differences in the measured charge density, according
to the following order: NCD-2>NCD-3>NCD-1. This result

SCHEME 3 Schematic representation for the immobilization of all NPs onto GC surfaces following two different methodologies:

self-assembly and drop casting. The successful self-assembly for all NCDs onto the GC surfaces could not be reproduced when

unmodified NPs and NPs-APS were used instead (a). Therefore, a drop casting method had to be carried out to artificially immobi-

lize the unmodified NPs and NPs-APS onto the GC surface (b). Conditions: 1 mg mL21 dispersion of NCD in DMSO, t 5 15 min to

overnight. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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evidences once again that the absence or presence of APS
and also the role played by the APS and the dendron in the
NCDs are of great significance toward the GC/NCD redox
behavior, and thus the electrochemical response can be used
to monitor this issue.

A comparison between NCD-1 and NCD-3 (both having the
same dendron loading attached to the NPs’ surface in the
same way) reveals a higher value of charge related to nitro
moieties for the APS-containing NCD-3 than for NCD-1. This
could probably be due to an enhanced stability and flexibility
of the organic layer in the organic solvent caused by the
complementary APS, what may improve the immobilization
on GC. However, once again, NCD-2 on GC gave the largest
amount of attached nitro-groups, albeit it contains fewer
dendrons than NCD-3 and NCD-1. This result remarks the
importance on the role of the dendron and the silane in the
organic layer. When APS is used as a spacer the electrochem-
ical response is better than when is used as a synthetic com-
plement, which in turn is still better than when is not used
at all. As a spacer, APS provides a short flexible segment
between the rigid dendron and the hard NPs’ surface that
leads to a system with the highest dispersibility and stability.
This fact seems to improve as well the efficiency of the self-
assembly of NCD-2 onto the GC surfaces, still maintaining
the nitro groups available for further exploitation towards
redox-active surfaces, which gave the best electrochemical
response, as evidenced in Figure 7(c).

CONCLUSIONS

A combination of organic functionalizations consisting in
silanization and dendronization was carried out on inorganic

nanoparticles to synthesize three different redox-active
hybrid NPs which can be considered as nanoparticle-cored
dendrimers (NCDs). While silanization was performed to
introduce architectural differences in the organic content,
dendronization was carried out to introduce a high amount
of electroactive –NO2 groups.

The order in which the synthetic steps were carried out in
each synthetic pathway to obtain the different NCDs affected
the yields of the organic loading. Thus, dendronization gave
an organic loading of 2% when performed after silanization,
whereas direct dendronization onto the NPs’ surface yielded
5%. However, the dendronization step seemed not to affect
significantly the yield for the silanization process.

The chemical composition and the manner in which the
organic layer was organized was also a consequence of the
order in which the chemical modification were realized.
These differences resulted in NCDs presenting different
behaviors. Thus, the dispersibility order in DMSO, DMAc and
ACN was: NCD-2>NCD-3 � NCD-1 >> NPs-APS � NPs,
while the stability order was: NCD-2>NCD-3>NCD-1 >>>

NPs-APS � NPs. NCD-2 presented the best features. This can
be understood by the good solubility of the dendron in the
mentioned solvents and by the fact that in NCD-2 the den-
dron moieties are more easily solvated than in any other sys-
tem because of the flexible APS segment used as linker.

All hybrid NPs systems were used to generate redox-active
GC electrodes. The differences in the final behavior of the
electrodes were indeed due to the chemical structure and
ordering of the beforehand synthesized NCDs. Only the
dendronized NPs resulted electro-active, and although

FIGURE 7 Cyclic voltamperommetric response measured for: a) bare GC, GC/NPs and GC/NPs-APS; b) GCE/NCD-2 (first and sec-

ond cycle); and, c) quantitative comparison between systems GCE/NCD-1, GCE/NCD-2, and GCE/NCD-3. The response of the bare

electrode is also shown as reference. The associated chemical transformations of –NO2 groups are shown for clarity (d). [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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qualitatively very similar, there were important quantitative
differences (NCD-2>NCD-3>NCD-1) in their measured
charge density.

It is worth noticing that contrary to the general idea where
the silane coupling agent APS is used only to increase the
reactivity of the –OH on NPs’ surfaces, our results reveal the
importance played by this agent to greatly enhance the over-
all properties of the formed NCDs as well as the electrodes
fashioned by using those same hybrid NPs.

The combination of the results as a whole shown here put in
evidence the relationship between physicochemical proper-
ties and chemical composition of the NCDs as well as the GC
electrodes generated when using those NCDs as nano-
modifiers. Finally, we expect both systems the NCDs them-
selves and the generated GC electrodes to be exploited in
analytical and bio-sensing applications.
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Nanoparticle-cored dendrimers (NCDs) with diverse chemical and structural features

are synthesized via surface functionalization of iron oxide nanoparticles and by com-

bining a silane coupling agent and dendritic moieties. The nanostructure of the mate-

rial is controlled not only by the information programmed into the dendritic branches,

but also by the presence of other organic molecules within the modifying layer, by

the molecular ordering, and by the interaction between the different modifiers and

with the dispersing media, affecting macroscopic and physicochemical properties.
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