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ABSTRACT This paper describes a strategy for controlled nanoparticle dimerization by using a solid support

approach. Two types of nanoparticles have been linked by using a 5-([2,2':6",2"-terpyridine]-4'-yloxy)pentan-1-

amine (terpy-amine) iron complex. The strategy includes two major steps: first, the monofunctionalization of

individual nanoparticles with terpy-amine ligand molecules on a solid support, followed by release of

monofunctionalized particles and subsequent dimerization. The versatility of the approach was demonstrated

by dimerizing two different types of nanoparticles: spherical gold and cube-shaped iron oxide nanoparticles.

KEYWORDS: nanoparticles - colloids - nanostructures - dimerization - solid-state synthesis

anoparticles (NPs) are used for

diverse applications ranging from

magnetic resonance imaging (MRY),
drug delivery,? and bioimaging®> > over
catalysis® to electronics’ and sensing® Most
applications draw on their unique size- and
shape-dependent chemical and physical
properties. Endeavors to try and enhance
the nanoparticles' properties have not
ended at the level of individual particles—
well-defined, self-assembled  structures
of different types of particles lead to new
materials with enhanced properties. The
most obvious way to create particles with
new properties is probably by combining
two different (or same) types of nanoparti-
cles. The majority of research that has been
undertaken in this area tries to combine two
particles by exchanging (part of) their sur-
face ligands and subsequent aggregation.
Typical examples include Au—Au dimer nano-
particles” ™" Au—Cu,_,Se heterodimers,' a
PbS—Au nanoframe,'® Cu—Fe;0, hetero-
dimers,'* and Fe;0,—Ag heterodimers."®
However, postsynthesis aggregation appears
to be the main issue, which is difficult to
control. Alternatively, dimers were synthe-
sized via electrostatic interaction between
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two nanoparticles. Examples of dimers ob-
tained by this approach are Ag—Pd, Au—Pd,
Au—Au, and Au—Pd."® A third, very popular
approach to synthesize heterodimer nano-
particles uses a seed-mediated method,
where one type of NPs is grown onto the
surface of another.">~'* All of these methods
have the benefit of resulting in a high yield
of dimerization but are typically limited to
certain types of nanoparticles and have little
flexibility in the choice of materials. A recent
review by Fernandez et al.'” discusses the
current state-of-the-art in the synthesis of
nanoparticle dimers by self-assembly.

In order to combine two nanoparticles of
choice (A and B of the same or of different
materials), it is fundamentally important to
have perfect control of the surface chemis-
try. The most straightforward strategy to
achieve this is to first find a generic method
to monofunctionalize nanoparticles (which
means to functionalize them selectively
on one face or side—not necessarily equip
them with exactly one functional group)
and then to dimerize exactly two particles.
Recently, this area of research attracted
much attention, especially the synthesis of
so-called “Janus” particles by surface-enabled
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Scheme 1. Synthetic route for the synthesis of monofunctional NPs.

asymmetric functionalization."®2* Monofunctiona-
lized nanoparticles are interesting for a range of appli-
cations including sensors®® and single molecular
electronics.?® In this work, we have developed a
method to monofunctionalize nanoparticles by using
a solid support approach. The main difference in the
work mentioned above is that we use a highly func-
tional linker, which has the potential to perform the
assembly/dimerization of nanoparticles reversibly.
Furthermore, our approach is independent of the
nanoparticles' surface chemistry and thus generally
applicable. In a first step, we bound the nanoparticles
onto larger SiO, particles. This was then followed by
two steps of surface functionalization to passivate
excess functional groups and cleave the particles from
the solid support. The monofunctionalized NPs have
been functionalized with amine-grafted terpyridine
ligand molecules. To demonstrate the feasibility of
our approach, we have successfully assembled our
monofunctionalized Au and Fe;0,4 nanoparticles into
homodimers without any postsynthesis purification
steps. Scheme 1 shows the step-by-step procedure
to achieve monofunctionalized nanoparticles via our
solid support approach.

RESULTS AND DISCUSSION

Uniform and well-defined Fe;0,4 and Au nanoparti-
cles have been synthesized following established
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protocols from the literature.”’ ~2° The nanoparticles
were then assembled into dimers by using a sequential
chemical functionalization of the nanoparticles and
final complexation through 5-([2,2":6,2"-terpyridine]-
4’-yloxy)pentan-1-amine (terpy-amine) chelating units.
The reaction path depicted in Scheme 1 represents the
synthetic route of this work.

In order to form dimers, the nanoparticles needed
to be monofunctionalized. This aims to create just
one active spot on the nanoparticles' surface to allow
one-to-one conjugation via complexation linkage. To
achieve this, functionalized nanoparticles have been
bound to the surface of SiO, solid support particles by
metal complexation. After subsequent decomplexation,
we were able to obtain terpy-amine monofunctiona-
lized nanoparticles (Scheme1).

The first step in monofunctionalizing nanoparticles
involved the preparation of the silica solid support.
Very rapidly, it became clear that commercial solid
supports (e.g., Merrifield-type resins) were not suitable
for this work because these supports tend to “wrap”
nanoparticles. Therefore, our system was built upon a
more rigid silica nanoparticle platform. Terpy-amine
ligands have been grafted onto carboxylated silica NPs
by using the well-established 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide/N-hydroxy succinimide (EDC/
NHS) conjugation protocol (the detailed synthesis pro-
cedures of the silica solid support and FTIR spectra of
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the intermediate stages can be found in the Supporting
Information).3® An excess of terpy-amine was used to
ensure that all of the carboxylic acid groups of the solid
support were converted. In the second step, FeCl; was
complexed with the immobilized ligands, and subse-
quently, the anionic halides have been exchanged
against non-immobilized terpy-amine ligands leading
to a cationic octahedral iron bis-terpyridine complex, as
depicted in Scheme 1. Then, carboxylate-functionalized
NPs have been coupled to the free amine of the
assembled linker using EDC/NHS as described above.
Carboxy-functionalized Fe;0,%” and Au*® NPs have
been prepared using methods that have already been
published. The SiO, solid support particles turned
from white to brown or pink-purplish in color when
conjugated with Fes0, NPs and Au NPs, respectively.
Transmission electron micrographs (TEM) of the result-
ing nanoparticles are shown in Figure 1.

Fourier transform infrared (FTIR) spectra of original
Fes0; NPs, Au NPs, and SiO,—Fe30, and SiO,—Au
nanostructures are shown in Figure 2. By comparing
the FTIR peaks of the original Fe;0,4, Au NPs, and their
corresponding nanostructures, it is possible to investi-
gate and determine whether or not the complexation
has occurred.

Figure 2A depicts the spectra of oxalic acid capped
Fes0,4 NPs prior to the conjugation process, which dis-
plays two prominent peaks at 1396 and 1610 cm ™',
which can be assigned to the O—H bend and C=0

Figure 1. TEM micrographs of (A) SiO,—Au nanoparticles
and (B) SiO,—Fe30, nanoparticles.
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stretch vibrations, respectively. The peak at 3408 cm ™"

can be assigned to the O—H stretch. Several new
features appeared following the conjugation process,
new peaks at 1099 cm™ represent the SiO, solid sup-
port. Other peaks at 1559, 1653, 1701, and 3385 cm™'
can be assigned to the N—H bend (1°), C=0 stretch,
and N—H stretch of the amide bonds. The peak at
2983 cm ™! represents the C—H stretch of terpy-amine
ligand molecules.

Similar new peaks are also found in SiO,—Au nano-
particles, as can be seen from Figure 2B. A peak
at 1095 cm™' represents the SiO, solid support.
Other peaks at 1567, 1644, 1704, and 3402 cm ™' can
be assigned to the N—H bend (1°), C=0 stretch,
and N—H stretch of the amide bonds. The peaks at
2912 and 2989 cm™' represent the C—H stretch of
terpy-amine ligand molecules.

The resulting Fe304,—SiO, and Au—SiO, nanostruc-
tures have been washed to remove unbound nano-
particles. In a final step, the monofunctionalized
particles have been released from the solid support
by using ethylenediaminetetraacetic acid (EDTA)
to extract iron ions from the system's terpy-amine
ligands. The cleaved SiO; solid support particles were
then dissolved by adding 1 M NaOH.

The terpyridine-functionalized SiO, particles were
poorly dispersible in common organic solvents and
aqueous solutions. The best dispersibility was observed
in dimethyl sulfoxide (DMSO). The nuclear magnetic
resonance (NMR) spectroscopic investigation of the
terpyridine silica particles in DMSO-dg revealed the
successful immobilization of the terpyridine amine
ligands onto the SiO, surface by amide coupling.
Figure 3 shows the aromatic region of the stacked
"H NMR signals of the unmodified and immobilized
terpyridine amide ligand in DMSO-ds. As depicted in
the spectrum, the "H NMR signals of the aromatic
protons became broadened due to the immobilization
and loss of the symmetry. Where the singlet caused by
both protons of the central pyridine ring at 7.9 ppm
and the multiplets, between 8.50 and 8.70, remained
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Figure 2. FTIR spectra of (A) Fe30, monomers functionalized by carboxyl (—COOH) groups from oxalic acid (black), whereas
the red line represents the FTIR spectra of SiO,—Fe30,4, and (B) Au monomers functionalized by carboxyl (—COOH) groups
from 3-MPA (black), whereas the red line represents the FTIR spectra of SiO,—Au.
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Figure 3. "H NMR spectrum (aromatic region) of the terpyridine amine as pure (red spectrum) and immobilized ligand (green

spectrum) in DMSO-ds.

unchanged after immobilization, the "H NMR multiplets
at 7.85 and 7.38 showed high-field shifts from at least
740 ppm to less than 7.00 ppm, indicating a strong
electron-pushing effect of the silica particles to the
terpyridine units. Due to the poor dispersibility of the
modified ligand, the aliphatic protons of the terpy-
amine unit disappeared under the strongly broadened
solvent peak of DMSO-ds. Typically, the latter protons
adjacent to the amide unit are expected to show the
strongest impact after immobilization.

Figure 4 shows a TEM overview of Fe30, and Au
nanoparticle dimers (dNPs). The TEM micrographs
signify that FesO, and Au dimer nanoparticles have
been formed by terpy-amine—Fe complex linkages.
The sizes of the dNPs fall within the optimum size
range for diverse applications.3' In addition, the TEM
micrographs indicate that dNPs are well-dispersed in
aqueous solution (in this case, water) since no larger
aggregates were observed.

Figure 4EF display high-resolution TEM (HR-TEM)
micrographs of individual Fe3s04 and Au dimers. It can
be clearly observed that the aforementioned metal
complex has coupled the two individual nanoparticles,
as the distance between the two nanoparticles was
very small. In addition, the lattice fringes of Au dNPs
and Fe;0, dNPs can also be observed, and these are in
good agreement with the expected metallic gold and
magnetite iron oxide lattice spacings of 2.4 and 2.9 A,
respectively. The yield of the dimerization reaction was
estimated by analysis of the TEM micrographs (results
can be found in the Supporting Information section 8).
For example, for the Au NPs, an overall percentage
yield of approximately 50% was found. However,
the formation of some trimers has also been detected.
This might be a consequence of failing to achieve
monofunctionalization (having more than one func-
tional spot on the nanoparticles' surface). A 58% yield
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Figure 4. TEM micrographs of (A,C) Au and (B,D) Fe30,
dimers. HR-TEM micrographs of Au dimers (E) and Fez0,
dimers (F).

has been achieved in the case of Fe;04 nanoparticle
dimers. It was found that selective dimerization
competes with random aggregation. To prevent
this, dimerization had to be performed in dilute dis-
persion, which then limited overall yield of the
reaction.

The absorption spectra of the Au—Au dimers have
been measured to investigate the absorption band
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Figure 5. UV—vis absorption spectra of Au NPs (red graph)
shows an absorption peak at 523 nm. This is a typical
absorption peak of colloidal gold nanoparticles. The dimer
formation results in a red shift of the original absorption
peak toward the infrared range (533 nm, black graph). This
suggests the increased size as two individual Au NPs have
been joined together via terpy-amine—Fe complex linkages.

shift on dimerization (Figure 5). The absorption peak
at 523 nm for Au NPs corresponds to the plasmon

MATERIALS AND METHODS

Carboxylated silica (SiO;) nanoparticle solid supports of
approximately 50 nm diameter were synthesized by using the
well-known Stober method. Spherical gold nanoparticles have
been synthesized by a seeded growth method followed by
surface functionalization (please refer to the Supporting Informa-
tion for details). Cube-shaped iron oxide nanoparticles (Fez0,)
have been synthesized by a thermal decomposition method,
following the work which has been performed by Dewi et al.?”

Step 1: Terpy-amine-functionalized silica nanoparticles have
been prepared through carbodiimide (CDI) conjugation. A total
of 10 mL of carboxy-functionalized SiNPs from the aforemen-
tioned synthesis were dried and redispersed in ~8 mL of DMSO
(44 mg/mL). To activate the surface functional COOH groups,
81 mg/mL of CDI in DMSO was added to the SiNP dispersion,
and the mixture was vigorously stirred at 50 °C for 2 h.
Carboxylate-activated SiNPs were then purified by centrifuga-
tion to remove excess conjugation agents with DMSO at
15000 rpm for 15 min. Then, the nanoparticles were homoge-
neously dispersed in 8 mL of DMSO. Into this dispersion (8 mL of
terpyamine-functionalized SiNPs) was added 19.50 mg of terpy-
amine in 8 mL of DMSO (please refer to the Supporting Informa-
tion section 7) and vigorously stirred at room temperature for
24 h under N, atmosphere. Terpy-amine-activated SiNPs were
purified by centrifugation to remove unbound terpy-amine with
DMSO at 15 000 rpm for 15 min and redispersed in 8 mL of water.

Step 2: To allow monofunctionalization and complexion of
terpy-amine-functionalized SiNPs with unbound terpy-amine
ligand molecules, it was necessary to introduce metal com-
plexes (FeCls-6H,0) into the system to create such structures.
Into the dispersion, was added 15.70 mg of FeCl5-6H,0 in 8 mL
of DMSO, and the mixture was vigorously stirred for ~15 min at
room temperature. The mixture was centrifuged at 15 000 rpm
for 15 min and redispersed in 8 mL of DMSO. Furthermore,
19.50 mg of unbound terpy-amine in 8 mL of DMSO (please
refer to the Supporting Information section 7) was added to
the above complexed mixture and stirred for ~15 min at room
temperature. The mixture was centrifuged at 15000 rpm for
15 min in 8 mL of water.

Step 3: As-synthesized NPs (FesO, and Au) were surface-
functionalized with oxalic acid (C;H,0,4) and 3-mercaptopropionic
acid, 3-MPA (HSCH,CH,CO,H), respectively, to feature carboxylate
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resonance of colloidal gold nanoparticles. For the
dimers, the corresponding absorption peak has been
shifted approximately 10 nm toward the infrared
region, which indicates the increased size of the nano-
particles (formation of Au—Au dimers).

CONCLUSIONS

In conclusion, nanoparticle dimers of spherical
gold (Au) and cube-shaped iron oxide (Fes0,4) particles
have been formed by using 5-([2,2":6/,2"-terpyridine]-
4’-yloxy)pentan-1-amine/amine grafted terpyridine as
ligand molecules to connect two monofunctionalized
nanoparticles by metal complexation. The success-
ful assembly of Au and Fe30O, nanoparticle dimers
demonstrated the versatility of the approach. We ex-
pect that this new bottom-up approach for the forma-
tion of homodimers will pave the way for future
complex nanoarchitecture and new applications.
Using a metal complex for coupling two nanoparticles
could also allows for reversible dimerization by remov-
ing the central metal ion selectively in the future.

groups (—COOH), while SiNP solid support templates feature
terpy-amine ligand molecules. In order to bind the NPs to
the solid silica support, 100 uL of terpy-amine-functionalized
SiNPs was mixed with 100 L (50 mg/mL) of Au-MPA NPs, and
the mixture was diluted by addition of 4.8 mL of water. Into
the system was quickly added 0.3 mmol of NHS and EDC. The
mixture was then reacted at room temperature for 3 h. After
reaction, the resulting mixture was centrifuged at 15 000 rpm for
15 min and washed twice with water. An identical procedure was
employed to FesO4 NPs. After purification, both SiO,—Au and
SiO,—Fe30,4 nanostructures were redispersed in 1 mL of water.
Step 4: An aqueous solution (1 mL) of EDTA (0.213 mg/mL,
ethylenediaminetriacetic acid) was added to the terpy-amine-
functionalized SiNP solution. The mixture was stirred for
~15 min at room temperature. To segregate the passivated
Au and Fe30,4 NPs from the SiNP solid support templates, 2 mL
of NaOH (1 M) was added into 1 mL of SiO,—Au nanostructure
solution. The resulting mixture was then sonicated at 50—60 Hz
for about 30 min to dissolve the SiNPs. After sonication, the
NP mixture was centrifuged at 15000 rpm for 10 min and the
supernatant was discarded. The resulting precipitate was then
redispersed in 1 mL of water.
Dimerization. Into the mixture of 1 mL of monofunctionalized
Au NPs was added 0.2 mg of FeCl5-6H,0 in 1 mL of DMSO, and
the mixture was stirred for ~15 min at room temperature to
allow adequate time for dimerization. The same approach was
taken with Fe;04 NPs: into 1 mL of monofunctionalized Fe;0,
NPs was added 0.2 mg of FeCls-6H,0 solution and stirred for
~15 min at room temperature. After reaction, the mixture was
then centrifuged at 15000 rpm for 15 min, and the resulting
precipitation was washed with water twice and finally redis-
persed in 2 mL of water for storage.
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