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ABSTRACT: The binding of thiols on hexadecyltrimethylammo-
nium bromide (CTAB)-capped gold nanorods is investigated both
at the ensemble and individual particle level using two similar sized
but oppositely charged small molecules, namely, cysteamine and
mercaptopropionic acid (MPA). Changes in the width and
position of the localized surface plasmon resonance of individual
gold nanorods are used to elucidate differences between the
accumulation of these two short-chain thiols at the particles’
surface. It is shown that the interplay between the charged nature
of the thiol molecules and the concentration of CTAB in the bulk
phase determines to which extent the thiols bind to the particles.
On the basis of the changes in the resonance widths, the binding of the negatively charged MPA is reduced compared to that of the
positively charged cysteamine, especially at higher CTAB bulk concentrations. This is interpreted as the result of the interaction
between the small molecule thiols and CTAB: while cysteamine is effectively replacing CTAB, the interaction of readily bound MPA
and CTAB from the bulk results in a self-limiting process.

■ INTRODUCTION

Wet-chemical surface modification of nanoparticles is of
central importance not only for practical applications, but
also for fundamental studies. A proper surface layer is one of
the key factors determining how and to what purpose liquid-
dispersed nanoscale particles might be used. Chemically
synthesized nanoparticles intrinsically feature surface attached
ligands which are indispensable for the yield, quality and
colloidal stability of particles. To enable their efficient use, the
surface ligand layer has to be modified or replaced. The strong
gold-sulfur bond provides a convenient way for a myriad of
surface modification strategies1 that have been exploited with
great success over the past few decades and led to widespread
interest in gold nanoparticles with various sizes and shapes as
well as in their assemblies. This interest is also because these
gold nanoparticles can support localized surface plasmon
resonance (LSPR), allowing a range of innovative application
from sensing to energy harvesting.2,3 These resonance modes
result in a fairly sharp peak in the extinction spectrum of the
particles. The wavelength position and the width of this peak is
affected primarily by the size and shape of the particles as well
as the dielectric function of their environment.4 Experimental
optical studies performed on individual nanoparticles are of
fundamental importance, as they are not affected by
inhomogeneous line broadening and hence allow more
rigorous comparison with theoretical models and simulation
data.5 For instance, as the localized plasmon resonance can be

approximated as a dipole antenna, the scattering spectra of
individual particles can be conveniently analyzed based on the
damped harmonic oscillator model thatin spite of its
simplicitycan provide a deeper insight into the factors that
affect the resonance. A Lorentz-function fitted to the individual
particles’ scattering spectrum provides the resonance energy
and damping of the model dipole-oscillator. These parameters
are determined by factors that have an impact on the frequency
or decay mechanism of the localized plasmon oscillation.6

Recently, a new aspect of the thiol molecule-related gold
nanoparticle surface modification came into focus by analyzing
the scattering spectrum of individual gold nanorods.
Experimental findings indicate that the width of the resonance
(or damping, in terms of the oscillator model) systematically
increases as thiols bind to the surface and is referring to as
chemical interface damping (CID) in terms of an energy loss
channel of the damped oscillator.6 While there are different
concepts regarding the underlying physical processincluding
electron scattering on mirror dipoles under the particle
surface7 and direct electron transfer between the particle and
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the thiol8its contribution to the surface damping of the
nanorods results in the broadening of the resonance peak.
Additionally, it is argued that it also correlates with the
chemical enhancement in the surface-enhanced Raman
scattering process.9,10 The increasing CID-associated peak
broadening has been readily employed to indicate thiol
molecule accumulation on gold nanoparticles, with the priority
to clarify the origin and mechanism of the CID process.7,8,11−13

Consequently, these studies deal with nanoparticles where the
original capping layer (typically CTAB) has been previously
removed and the thiols are adsorbed at the cleaned particle
interface. In terms of treating the localized plasmons as a
damped harmonic oscillator, the width of the resonance peak
(damping) is determined by contributions from the different
energy loss channels. Besides the bulk, interband, and radiation
damping, the surface contribution (Γs) has to be taken into
account, which is usually given by the expression AvF/Leff,
where vF is the Fermi velocity of the conduction band
electrons, Leff is the effective path length of electrons to the
surface, and A is an effective proportionality factor to be
experimentally determined. In arbitrary shaped particles Leff is
calculated as Leff = 4 V/S, where V and S stand for the volume
and surface of the nanoparticle, respectively.6 This energy loss
channel is related to the scattering of the oscillating electrons
at the interface. Along the same concept, this term also
includes the chemical interface contribution, ΓCID, which is due
to chemically bound molecules and has a proportionality factor
ACID. The value of ACID might depend on the type of molecules
that bind to the gold particles,11 and additionally changes in
ΓCID (hence in the effective ACID as well) will depend on the
actual coverage of the particles, as shown by several recent
experimental studies.11,12,14,15

In this work our aim is to elucidate how the concept of
damping increase because of thiol binding in combination with
the resonance energy change can be also used to follow and
interpret a ligand exchange procedure. We use the resonance
peak broadening (ΔΓ) of the prototypical, hexadecyltrimethy-
lammonium bromide (CTAB)-covered gold nanorods upon
thiol molecule binding to investigate how the ligand
replacement at the gold nanoparticle interface evolves for
two simple, similarly sized, but oppositely charged thiols −
cysteamine and mercaptopropionic acid (MPA). We combine
ensemble and single-particle methods to gain better insights
into the different behavior of the two types of molecules.

■ EXPERIMENTAL SECTION
Hexadecyltrimethylammonium bromide (CTAB, 99%), hex-
adecyltrimethylammonium chloride (CTAC, 25 wt % in
water), sodium borohydride (NaBH4, 99%), hydrogen
tetrachloroaurate trihydrate (HAuCl4, 99,9%), sodium oleate
(NaOl, ≥ 99%), silver nitrate (AgNO3, >99%), hydrochloric
acid (37%), L-ascorbic acid (AA, >99%), cysteamine hydro-
chloride (>99%), and MPA (≥99%) were obtained from
Sigma-Aldrich. All chemicals were utilized as received. For all
experiments, ultrapure water with a resistivity of 18.2 MΩcm
was used.
The gold nanorods employed in this paper were prepared

based on an earlier published seed-mediated protocol.16 For
ensemble optical and electrokinetic measurements, the as-
prepared nanorods were washed twice with 50 mM CTAB, and
after the third round 90% of the supernatant removed and
redispersed with a certain concentration of thiol ligands, then
gently stirred for 30 min. Afterward, the extinction spectra and

the electrophoretic mobility of the solutions were obtained. To
acquire the scattering spectra of single gold nanorods, we spin-
coated particles on cleaned (15 min sonication in acetone,
isopropanol, and water) glass slides. Excess surfactant was
removed by immersing the substrates in isopropanol for 20
min. The cleaned substrates were integrated into a liquid cell
(HybriWell HBW6021, GraceBiolabs), which was mounted in
our laboratory-built optical workstation that allows the
acquisition of individual particles’ scattering spectra. It consists
of an upright optical microscope (Olympus BX51), where the
stage has been replaced with an XYZ piezo stage (Physik
Instrumente, P-545.3R8S). The microscope is coupled to an
aberration corrected imaging spectrograph (Princeton Instru-
ments Isoplane SCT320 with PIXIS:400BRX −70 ° C cooled
CCD camera). Dark-field illumination was performed using a
100 W light source (Olympus U-LH100IR) and an oil-
immersion dark-field condenser (Olympus U-DCW, NA =
1.2−1.4). Our custom written Labview control software allows
automatic positioning and autofocusing of the selected
individual scatterer of interest using the spectrometer camera
and the piezo stage. The outline of the measurement is shown
in Scheme 1. First, ultrapure water was flushed extensively

through the cell and the spectra of ca. 10 nanorods were
measured with an exposure time of 2 s; these spectra were used
as reference to assess the effect of the thiols. Then thiol
solutions (MPA or cysteamine) with different concentrations
in the range of 10−4 to 100 mM were flushed through the
liquid cell subsequently and the same particles as before were
measured again (Scheme 1A). We repeated the same
procedure on a different set of particles in the presence of
up to 5 mM CTAB solution as well; in this case, the reference
spectra of the selected scatterers were obtained in the
surfactant solution (Scheme 1B). Each measurement was
carried out after 20 min contact time with the given thiol
concentration. SEM images were obtained using a Zeiss LEO
field-emission scanning electron microscope operated at 5 keV
acceleration voltage.

■ RESULTS AND DISCUSSION
The synthesized nanorods have average dimensions of 76 × 24
nm with an aspect ratio of about 3.2. Their extinction spectrum
is shown in Figure S1, and the longitudinal resonance peak is
centered around 770 nm. Of note, for this aspect ratio and
resonance wavelength, the width (damping) of the longitudinal
plasmon resonance is not affected by the contribution related

Scheme 1. Schematics of the Experimenta

a(A) The scattering spectrum of substrate-deposited individual gold
nanorods is obtained and they were analyzed in a flow cell, 20 min
after cysteamine or 3-mercapropionic acid (MPA) solutions were
introduced. (B) In another set of experiments, the particles are first
conditioned with CTAB after which thiols mixed with CTAB are
introduced.
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to interband transitions which take place at resonance energies
higher than ∼1.76 eV (shorter wavelength than ∼705 nm).6

Consequently, any change in linewidth can be attributed to the
change in the surface damping/CID contribution. To
investigate the impact of the short-chain thiols on the ligand
exchange, ensemble measurement spectra have been taken as a
function of the thiol concentration. In this case, however, the
background concentration of CTAB is fixed at 5 mM to
prevent aggregation of the rods. When cysteamine is added to
the native sample, a similar trend is observed as reported
earlier,17 that is, the longitudinal peak position of the nanorods
asymptotically blue-shifts, which is accompanied by the gradual
increase of the electrophoretic mobility (Figure 1a). As the

shift of the longitudinal LSPR peak provides information
primarily on changes in the dielectric properties of the tip
region,18 the observed blue shift can be attributed to the
CTAB displacement at the nanorod tip region by the shorter
chain cysteamine, leading to a lower average effective refractive
index at the rods’ ends. Above 10 mM cysteamine
concentration, the sample loses its stability. Interestingly,
when MPA is used for the ligand replacement, a gradual red
shift is observed as a function of MPA concentration, which is
accompanied by increasing mobility, which is a positive
electrophoretic mobility change (Figure 1b). This finding is
in stark contrast to the results obtained with cysteamine. At the
pH of the solution (pH = 6.4) under experimental conditions,
the cysteamine can be considered to be present in its
protonated form (pKa = 10.75), whereas the MPA is mainly
deprotonated (pKa = 4.3). Based on the ensemble measure-
ments it can be argued that there is some interaction between
the negatively charged MPA and the positively charged CTAB
molecules, which then could lead to a significant increase of
the effective refractive index in the tip region. Such a red shift

has been previously experimentally observed for spherical,
CTAB/C-capped nanospheres when interacted with MPA, but
no explanation was given.19 Earlier it was also argued, that
MPA would electrostatically adhere to the surface-bound
CTAB layer.20 However, the extent of the red shift upon MPA
addition observed in Figure 1b is unlikely to originate from the
accumulation of a short-chain molecule adlayer in the outer
region of the ligand shell, because of the exponentially
decaying nature of the near-field. It is more probable that
MPA molecules bind to the gold surface via their thiol groups,
thus promoting the accumulation of additional CTAB
molecules from the bulk. This would also explain the
simultaneously observed electrophoretic mobility increase.
To investigate this finding in detail, and to elucidate the
origin of the different effect of the similarly sized, but
oppositely charged cysteamine and MPA, the scattering spectra
of individual nanorods have been measured and analyzed. This
provides several additional benefits for addressing the problem.
First, as the particles are deposited on a substrate, spectral
changes can be investigated in a much broader concentration
range without the danger of particle aggregation. Second, as
the particles are immobilized on a substrate, the thiol binding
experiments can be also decoupled for the CTAB bulk
concentration and the spectroscopic measurements can be also
carried out in pure water. Third, the binding of the thiol
molecules can be independently confirmed by analyzing the
scattering peak width of the individual particle’s spectra.
As for the single-particle experiments, the particles are

deposited on a substrate and mounted in a flow cell, and the
bulk concentration of CTAB can be set to zero. The first set of
experiments has been carried out on such a system, flushing
the cells extensively with water to remove all CTAB from the
bulk and allows the nanorods to equilibrate with the pure
solvent. It is a question though to which extent CTAB can be
removed, as there is experimental evidence that even if thiols
are used for the ligand exchange, CTAB can remain on the
surface of the rods. The measured scattering spectrum of a
single nanorod is shown in Figure 2, fitted with a Lorentzian
function in order to determine the resonance wavelength
(Ωres) and the homogeneous LSPR linewidth (Γ) of the
resonance peak. Because we measured the same individual gold
nanorods during the given surface modification process, we
only need to consider changes in linewidth and resonance
energy. For convenience, the obtained resonance energies were

Figure 1. Longitudinal plasmon resonance peak shift (Δλ) and
electrophoretic mobility change (ΔEFM) of the nanorods determined
from ensemble measurements upon adding (a) cysteamine and (b)
MPA to the as-prepared sample at 5 mM CTAB concentration.

Figure 2. A representative scattering spectrum of an individual gold
nanorod and its Lorentzian fit. The inset shows the SEM micrograph
of the very same particle with dimensions of 31 × 79 nm.
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converted into resonance wavelengths and corresponding
wavelength shifts. In the simplest case of an ideal rod, as the
thiol molecules bind to the rod’s surface, the increase of both
the resonance wavelength and the peak width is expected
because of the increasing effective refractive index and CID,
respectively. Additionally, both the shift and broadening are
anticipated to be proportional to the coverage of the rod by the
thiols.
In Figure 3, the resonance wavelength and damping change

values can be seen for the case where CTAB has been removed

from the bulk (examples of the actually measured spectra for
cysteamine are provided in Figure S2). There is a striking
difference between the effect of cysteamine and MPA. The two
molecules have only a minor effect on the resonance
wavelength from 10−4 up to 10−1 mM (although there might
be a slight, opposite trend observable, with cysteamine
inducing a small blue shift, while MPA shows a red shift,
Figure 3a), above which a clearly opposite trend is observed.
Cysteamine causes a significant red shift, while MPA causes a
small blue shift. It has to be noted that this trend is the inverse
to the changes observed during the ensemble bulk experiments
shown in Figure 1, but in contrast to the bulk experiments in
the flow cell, the concentration of CTAB has been set to zero.
Although these finding are puzzling, the increase of the
damping for both molecules (Figure 3b) clearly shows that
both molecules indeed bind to the rods. There is also a
characteristic difference in the concentration dependence for
the two molecules. The binding of cysteamine proceeds over
the whole investigated concentration range, whereas for MPA
further accumulation seems to be inhibited starting from 0.1
mM (note the logarithmic abscissa). The findings can be
explained based on two reasonable, interdependent assump-
tions. First, the surface of the rods has some physiosorbed

CTAB present on their surface despite the extensive
washingan issue also reported in earlier studies.7,11,21

Second, the charge of the molecule plays a crucial role in
determining how the thiol binding takes place at the particle
and how the short-chain thiol interacts with the CTAB
molecule. It can be assumed that at low thiol concentrations
the molecules will prefer easily accessible sites at the rod
surface, that are either high energy binding sites or areas free of
CTAB remnants. The electric interaction between the thiol
functional group and CTAB results in two different scenarios.
Binding of the positively charged cysteamine can lead to the
CTAB leaving the interface, because the short molecule
induces local charge repulsion but in contrast to CTAB cannot
provide stabilization by intermolecular attraction caused by a
large aliphatic tail. This leads to loosening of the remaining
CTAB on the gold surface, and consequently there is a
minimal blue shift up to 0.1 mM in Figure 3a for cysteamine,
but as the particle is covered more extensively by the molecule,
a clear red shift is obtained. According to Figure 3b, up to 0.1
mM, the binding of MPA commences in the same way, but
then its further accumulation on the surface seems to be
blocked compared to cysteamine. This might be again
attributed to the interaction between MPA and the CTAB at
the interface, whichopposite to cysteamineis attractive
and can provide additional stability to the original capping
ligand. This leads to a self-limiting process, reducing the
amount of MPA able to bind to the rod in the given time
frame. Obviously, the large (ca. 185 kJ/mol)22 binding energy
of thiols wins over the physiosorbed and probably stabilized
CTAB at higher MPA concentrations, leading to the removal
of some CTAB from the surface and the observed small blue
shift as shown in Figure 3a.
Even if the exact remaining coverage of the nanorods by the

CTAB is not known, the above outlined hypothesis can be
tested, when the CTAB concentration in the bulk is varied. As
the CTAB concentration in the bulk approaches its critical
micelle concentration (0.9 mM),23 the structure of the native
ligand layer will be that of a bilayer,1 albeit some studies
indicate the concentration dependent micellar structure of
CTAB at the interface.24,25 Figure 4 shows the result obtained
at 5 mM CTAB concentration, that corresponds to the
concentration level during the bulk experiments. The presence
of CTAB in itself causes a significant, ca. 9 nm red shift of the
longitudinal peak position (Figure S3a) compared to the
cleaned nanorods, which is expected for the case of a
developing CTAB layer at the particle interface. Hence, to
obtain the respective peak position and damping values in the
presence of CTAB, for each nanorod, the resonance spectra
obtained after conditioning at the respective CTAB concen-
tration were used as reference. Interestingly, a higher CTAB
concentration leads to smaller initial damping values (Figure
S3b). This is in qualitative agreement with recent results,
where the CTAB concentration dependent damping change
was attributed to the simultaneous variation in surface
concentration of silver ions.26 In our case, however, the effect
of silver can be ruled out as only CTAB is added to the cleaned
nanorods. It has to be emphasized, that irrespective of the
CTAB concentration, the damping change is positive upon
thiol binding in agreement with earlier literature results.7−12

It is clear that cysteamine now causes a large blue shift of the
longitudinal mode (Figure 4a) − just as during the bulk
experiments shown earlier (a side-by-side comparison of the
CTAB impact in the case of cysteamine is provided in Figure

Figure 3. (a) Longitudinal resonance peak shift and (b) broadening
obtained for cysteamine and MPA as a function of the thiol
concentration.
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S4). This is consistent with the CTAB replacement at the rod
tips by cysteamine. Earlier findings have shown that cysteamine
at 5 mM concentration is able to etch and shorten the
nanorods at 60 °C in the presence of CTAB.27 Although our
experiments did not involve additional heating of the sample,
contribution to the blue shift at large concentrations by the
shortening of the rods cannot be ruled out a priori. As shown
by some simulation results in Figure S5, shortening a 76 × 24
nm nanorod by 2 nm causes ca. 10 nm blue shift of the
theoretical resonance wavelength. The pronounced accumu-
lation of cysteamine on the rod is also shown by the increase of
damping (Figure 4b).
It has to be pointed out that there is also a small red shift at

lower concentrations thatbased on the corresponding
damping increaseare also a result of the cysteamine binding.
This could correspond to the small molecule occupying
accessible binding sites first without removing CTAB from the
surface. For MPA, the LSPR peak position first slightly red-
shifts, and then blue-shifts, but to a smaller extent than for
cysteamine. This is also consistent with the smaller associated
damping increase and underlines the possibility that the
binding of MPA is limited by the stabilization of the CTAB
layer by the readily bound thiol molecules. The above findings
are summarized in Scheme 2. At low CTAB bulk

concentration, cysteamine is able to effectively replace the
initial ligands, while compared to this, the binding of MPA is
limited (A). As the bulk CTAB concentration is increased, the
binding of the thiols is gradually reduced (B). In the case of
MPA, the binding of the thiol might result in the accumulation
of additional CTAB at the rods’ surface.
To gain deeper insights into this effect, experiments were

carried out for the case when MPA was used as surface
modification ligand at an intermediate CTAB concentration
level. In this case, the bilayer structure of the CTAB layer
cannot be anticipated anymore. The associated resonance
wavelength change at intermediate (10−3 mM) CTAB
concentration follows a similar trend as earlier (see Figure
5a). On the other hand, the magnitude of the wavelength shift

in general is clearly proportional to the bulk CTAB
concentration up to 1 mM CTAB concentration. This
indicates already that CTAB binding to the partially surface-
modified nanorod plays an important role in the process.
Comparing the damping changes (Figure 5b) obtained at
different CTAB background concentration levels reveals that at
10−3 mM surfactant concentration, MPA binding is suppressed
in the lower concentration range (below 10−1 mM), but is
virtually the same at higher concentration as the one obtained
without CTAB in the bulk. This indicates that there might be a
higher amount of CTAB present at the rod’s surface that can
inhibit MPA accumulation to some extent when MPA is
applied at a very low concentration. When the MPA binding
process occurs in the presence of 1 mM CTAB solution, the
increase of the damping remains also suppressed but in the
entire investigated concentration range. All the curves above
the 10−1 mM MPA concentration become parallel which
implies the similar inhibition mechanism of the CTAB
molecules when the binding of the ligand on the surface of
the nanorod is blocked. This also holds for the 5 mM CTAB
case, for which the binding of MPA is even more suppressed:

Figure 4. (a) Longitudinal resonance peak shift and (b) broadening
obtained at 5 mM CTAB background concentration for cysteamine
and MPA as a function of the thiol concentration.

Scheme 2. Cartoons showing the possible differences and
outcomes of the thiol binding when the ligand exchange is
carried out (A) without adding CTAB and (B) at increasing
CTAB concentration

Figure 5. (a) MPA-induced longitudinal resonance peak shifts and
(b) broadening obtained at different CTAB background concen-
tration levels
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the damping change is generally smaller and its increase
becomes significant only above ca. 0.1 mM MPA concen-
tration. The suppressed accumulation of MPA is reflected in
the lower red shifts compared to the 1 mM CTAB case (Figure
5a).
Conclusions. The localized resonance peak broadening

(resonance damping increase) of individual gold nanorods
upon thiol binding was found to be a useful indicator to
describe the ligand exchange process at the particles’ surface,
especially when combined with the information on the
corresponding peak position shifts and ensemble measurement
results. The two moleculescysteamine and MPAinves-
tigated in the present study both clearly bind to the gold
particles as shown by the increasing damping. There is a clear
difference between the two ligands that can be interpreted by
the different interaction of the thiol and the native CTAB layer
of the rods. MPA stabilizes the particles’ native CTAB layer
because of their interaction, resulting in a lower binding
especially at higher concentration. This is corroborated by the
finding that the stabilizing effect also scales with the CTAB
concentration, and, for the negatively charged MPA, a
pronounced red shift is observed. The latter indicates that in
spite of the molecule binding to gold, it does not remove the
CTAB completely from the particles’ vicinity, which suggests
that the CTAB is still physically bound to the MPA-modified
surface. Based on the damping increase, adsorption of the
positively charged cysteamine is more pronounced. The
absence of the pronounced red shift indicates a more complete
CTAB removal, and hence it can be considered as more
effective in destabilizing the CTAB layer. The results obtained
for these simple systems highlight the central role of
intermolecular forces in the surface modification process.
They can be a key factor even in the case when there is a large
difference in the intrinsic binding energy of the competing
molecule types, and could result in a significant amount of
original capping ligand present is the system even after
“complete” ligand exchange. It is also clear that, in general,
when the LSPR surface damping effect is studied for different
types of ligands and semiempirical surface damping (A) and
CID (ACID) parameters are compared for different systems, the
capping layer composition around the nanoparticles has to be
carefully considered.
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