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This study presents a new ligand exchange method for cetyl
trimethylammonium bromide/chloride (CTAB/C) stabilised
gold nanoparticles. It has been shown that the resulting thiol-
coated nanoparticles remained colloidally stable in aqueous
dispersion and that particle size and morphology was not
affected. Furthermore, we were able to achieve nearly
complete ligand exchange.

Metal nanoparticles in general and gold nanoparticles (AuNPs) in
particular are being used for a wide range of applications including
catalysis', opto-electronicsz, Surface-Enhanced Raman Scattering
(SERS)**, biological labelling®, photonics’, and drug delivery®®.
The surface plasmon resonance (SPR) of electrons when excited
with light allows for tuneable optical and electronic properties®!*!,
which are the basis for many of these applications. In addition, the
properties and performance of AuNPs are strongly affected by size,
shape, crystalline structure and surface functionalisation'>™"*. While
all of these parameters affect the properties of AuNPs, we will focus
on the ligand exchange and colloidal stability of AuNPs here. In this
study, we will present a new ligand exchange method that results in
significantly enhanced ligand exchange and colloidal stability
compared with traditional methods.

Gold surfaces have a high affinity to thiol-derivatives
Surface functionalisation with thiol-derivatives is necessary not only

15-17

to enhance particles’ SPR properties but also to provide colloidal
stability. If the original ligands (for example citrate surface ligands
in a Turkevich method'®) are exchanged directly against thiol-
derivatives, significant aggregation and a colour change from red to
blue can often be observed. In the process of such a one-step ligand
exchange, less charged thiols replace highly charged ligands (in this
case: citrates), which causes a decrease in surface potential, which
eventually leads to nanoparticle aggregation'®. This problem can be
avoided by employing a two-step or solvent extraction based ligand
exchange method, where a colloidally stable intermediate aids the
second ligand exchange by transfer into a solvent of opposite
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polarity. Furthermore, such a ligand exchange usually results in a
much higher degree of ‘exchange’'*?', which can be attributed to
the transfer into another solvent as well.
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Fig.1 Schematic illustration of gold nanoparticle surface modification via a
two-step ligand exchange reaction.

In this work, we introduce a new, solvent extraction based
ligand exchange method to remove cetyl trimethylammonium
bromide (CTAB) and cetyl trimethylammonium chloride (CTAC)
surface  ligands  from  as-synthesised AuNPs with  3-
mercaptopropionic acid (3-MPA) ligand molecules. With this
method, aggregation was prevented and complete ligand exchange
achieved by stepwise replacement of the CTAB/C surfactants with
3-MPA. Our ligand exchange comprises two reactions; the primary
reaction involves the extraction of CTAB/C ligands by mixing as-
synthesised AuNPs with an immiscible solvent, in this case:
dicholoromethane (DCM). In this solvent extraction process, the
CTAB/C molecules were gradually removed from the upper phase
(as-synthesised AuNPs in water) to the bottom phase (DCM).
However, only incomplete CTAB/C removal occurs here to ensure
that there is still enough CTAB/C present to maintain colloidal
stability. The optimum amount of solvent extraction can be easily
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determined by dynamic light scattering. The subsequent reaction
involves the complete replacement of CTAB/C ligands with 3-MPA
via direct chemisorption. This strategy represents a versatile method
for AuNPs surface modification whilst preserving their colloidal
stability, size and shape of the particles.

To prepare CTAB/C capped AuNPs, a published seeded-
growth method? was modified and resulted in particle diameters of
~11 nm, which is within the optimal size range for many
applications. As-synthesised AuNPs feature CTAB/C surfactants,
which afford colloidal stability through steric stabilisation. However,
CTAB and CTAC’s strong affinity to the AuNPs’ surface and its
lengthy hydrocarbon chain presents difficulties for further surface
modification. The first step of this strategy includes removal of
excess CTAB/C without compromising the colloidal stability of the
AuNPs. The as-synthesised AuNP solution was washed with DCM,
allowing the CTAB/C surfactants to be extracted from the colloid
and into DCM. Repeated washing is beneficial for further removal of
CTAB/C, however it is necessary to optimise the amount of
‘washing’, as excessive solvent extraction will result in a complete
loss of surface ligands and therefore lead to aggregation.

Subsequently, to remove the remaining CTAB/C completely,
the DCM-washed AuNPs exposed to 0.19 M, 3-
mercaptopropionic acid (3-MPA, pH 2.53) solution. High affinity of
the gold surface to thiol groups provided by the 3-MPA leads to an
instantaneous  chemisorption reaction, allowing 3-MPA to
spontaneously bind onto the AuNPs’ surface and replace the
remaining CTAB/C. Details of the synthesis procedure can be found

WeEre

in the Supporting information.
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Fig.2 FTIR spectra of as-synthesised AuNPs (black), DCM washed-AuNPs
(blue) and 3-MPA capped-AuNPs (red).

To confirm the successful and complete ligand exchange
reaction, Fourier transform infrared (FTIR) spectroscopy (Figure 2)
was carried out. Functional groups of as-synthesised AuNPs (black),
DCM-washed AuNPs (blue) and 3-MPA-capped AuNPs (red) were
identified by comparing the spectra. Two prominent peaks at 2858
cm™ and 2931 cm™! have been detected and can be assigned as the C-
H stretching of the CTAB and CTAC’s long aliphatic chain. In
addition to these two peaks, the signal at 3400cm™ can be assigned
to the O-H stretch in H-bonded water. The peak at 1319 cm’
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corresponds to the C-O stretch and the signatures at 1705 cm™ and
1778 cm™ to the C=0 stretch of a carboxylic acid group. The latter
two signals can be found in the as-synthesised particles due to the
ascorbic acid used during synthesis. The spectra of DCM-treated
AuNPs shows that the intensities of the CTAB/C peaks have been
reduced, indicating that CTAB/C was largely stripped from the
nanoparticles. Further treatment with 3-MPA resulted in a significant
increase in intensity of the carboxylic C-O and C=O stretches at
1319 cm'l, 1705 cm'l, 1778 cm™ and the H-bonded water at 3400
cmr!. This finding indicates the successful bonding of 3-MPA onto
the AuNPs’ surface, allowing the system to stabilise electrostatically
through the 3-MPA’s carboxylic acids (-COOH). In addition, the
intensity of the characteristic C-H stretching at 2931 cm™ and 2858
cm! ascribed to the CTAB/C surfactant has significantly diminished
(practically vanished).

Fig.3 TEM micrographs of as-synthesised AuNPs (a), DCM washed-AuNPs
(b) and 3-MPA capped-AuNPs (c); Particle size distribution by TEM of as-
synthesised AuNPs (d ), DCM washed-AuNPs (e) and 3-MPA capped-
AuNPs (f).

Fig.4 Particle size distribution by DLS of as-synthesised AuNPs (a), DCM
washed-AuNPs (b) and 3-MPA capped-AuNPs (c).

Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) measurements have been carried out to confirm
that our ligand exchange method does not cause significant changes
in the particles’ shape, size and colloidal stability. DLS measures the
hydrodynamic diameters of particles in solution, whilst TEM
micrographs depict the actual particle sizes and morphology. Figure
3 shows the TEM micrographs and Figure 4 DLS histograms of as-
synthesised, DCM-washed and 3-MPA-coated AuNPs. The mean
hydrodynamic diameter of AuNPs after DCM and 3-MPA ligand
exchange was found to be 11+0.6 nm and 15+1.4 nm respectively
whereas the as-synthesised AuNPs was found to be 13.1+1.2 nm.
The decrease in hydrodynamic diameter after solvent extraction is
most likely due to partial removal of CTAB/C from the ligand shell.
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The increased hydrodynamic diameter after the ligand exchange is
due to an increase in the solvation shell with the new ligand
molecules (3-MPA) attached on the surface of the particles
(hydrogen bonds allow for more solvent molecules to be “dragged”
by the particle than in case of a non-polar shell). Interestingly, the
same trend can be observed in the TEM micrographs, where the
interparticle distance decreases after solvent extraction and remains
very small in case of 3-MPA coated particles, because the solvation
shell (water) is being removed in the ultrahigh vacuum environment
of the TEM. Finally, we did not observe any formation of aggregates
in the intensity distribution histograms of the DLS (data not shown
here).

Figure 5 shows the UV-vis spectra of as-synthesised, DCM-
washed and 3-MPA capped AuNPs. Generally, spherical AuNP
colloids in water display an absorption peak at approximately 520
nm, indicating the surface plasmon resonance (SPR). This SPR band
in the as-synthesised AuNPs occurs at 521 nm and remains the same
upon washing with DCM (no shift has been observed but a
narrowing of the SPR peak). Further modification of DCM washed-
AuNPs with 3-MPA results in a slight red-shift of 9 nm of the
plasmon band. Since we did not observe any particle aggregation by
means of DLS, we suspect that this red shift has been caused by
electronic interaction of the 3-MPA ligands with the gold core of the
particles.
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Fig.5 UV-vis spectra of as-synthesised AuNPs (black), DCM washed-AuNPs
(blue) and 3-MPA capped-AuNPs (red)

Conclusions

In this work, we present a simple method to perform AuNP
surface modification via a two-step ligand exchange reaction
without any noticeable aggregation of the particles. The
CTABY/C surfactants could be easily removed via DCM solvent
extraction whilst maintaining colloidal stability. Subsequent
ligand replacement with 3-MPA resulted in a complete
exchange of CTAB/C with 3-MPA. The resulting 3-MPA-
capped AuNPs feature very small hydrodynamic diameters and
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exhibit excellent colloidal stability. We expect that this method
is generally applicable for the complete ligand exchange on
gold nanoparticles.
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