
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
0/

20
26

 4
:5

5:
16

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Composite ligan
aCentre for Energy Research, Konkoly-Thege

E-mail: andras.deak@ek.hun-ren.hu
bBudapest University of Technology and Econ

and Materials Science, Budafoki Str. 6–8, B

† Electronic supplementary informa
https://doi.org/10.1039/d3ra05548e

Cite this: RSC Adv., 2023, 13, 30696

Received 15th August 2023
Accepted 11th October 2023

DOI: 10.1039/d3ra05548e

rsc.li/rsc-advances

30696 | RSC Adv., 2023, 13, 30696–
d shells on gold nanoprisms – an
ensemble and single particle study†
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The attachment of thiolated molecules onto gold surfaces is one of the most extensively used and robust

ligand exchange approaches to exploit the nanooptical features of nanoscale and nanostructured

plasmonic materials. In this work, the impact of thiol adsorption on the optical properties of wet-

chemically synthesized gold nanoprisms is studied both at the ensemble and single particle level to

investigate the build-up of more complex ligand layers. Two prototypical ligands with different lengths

have been investigated ((16-mercaptohexadecyl)trimethylammonium bromide – MTAB and thiolated

polyethylene glycol – mPEG-SH). From ensemble experiments it is found that composite ligand layers

are obtained by the sequential addition of the two thiols, and an island-like surface accumulation of the

molecules can be anticipated. The single particle experiment derived chemical interface damping and

resonance energy changes further support this and show additionally that when the two thiols are used

simultaneously, a higher density, intermixed layer is formed. Hence, when working with more than

a single type of ligand during surface modification, sequential adsorption is preferred for the

combination of accessible essential surface functionalities, whereas for high overall loading the

simultaneous use of the different ligand types is favourable.
Introduction

The surface functionalisation of wet-chemically synthesised
plasmonic nanoparticles is of key importance for their appli-
cation and usually relies on the thiol-group containing moieties
as the strong gold–sulphur bond allows for straightforward
surface modication.1 By attaching various functional mole-
cules to the particle surface, like DNA, antibodies, macro- or
small molecules a plethora of applications can benet from the
nanooptical features of plasmonic nanoparticles spanning the
elds of sensorics, drug-delivery, photothermal therapy, catal-
ysis, energy harvesting and directed assembly.2–7 The most
elaborated synthesis methods for anisometric gold nano-
particles, like rods, plates, or prisms rely on the use of hex-
adecyltrimethylammonium salts (CTAB or CTAC) to achieve
high quality particles. The CTA+ ions play an important role
during particle synthesis as they can contribute to the aniso-
metric growth, but also provide excellent colloidal and particle
interface stability aer synthesis.8,9 The exact structure of the
CTA+ layer is still subject to debate, when CTAC is used for
particle synthesis, the most likely conguration is a micellar
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30703
structure of the CTA+ molecules at the particle surface.10,11

When such nanoparticles are to be functionalised, this inherent
CTA+ layer has to be removed or partially exchanged. As even
amines provide already a fairly stable anchoring of the mole-
cules to the gold surface,12 the most convenient approach is the
use of thiolated molecules, which – due to the formation of
sulphur–gold bonds – will readily chemisorb at the particles.1

Nevertheless, it has been found that even using thiols, complete
CTA+ removal or exchange is challenging in a simple, single step
ligand exchange process.13–16 When not only a single type, but
a combination of thiols is used, the surface modication gets
even more complex, and can lead even to the formation of
molecular patches.17–19 It was found earlier, that when a mixture
of thiolated PEG and small thiols is applied to gold nano-
particles on the time scale of hours, the small thiols can
dominate the adsorbed layer during competitive adsorption.20

This is consistent with results obtained when the thiolated PEG
and the small thiol are applied consecutively, showing that
small molecules can more effectively replace PEG on the hour
time scale, but at the same time not only thiol exchange, but
also backlling process can take place, that is the second thiol
occupies still available binding sites at the particle surface
resulting in a composite ligand layer.21 This latter nding is
consistent with the largely different time scales involved in
monolayer formation, replacement and rearrangement of thi-
olates at the gold surface.22 On gold nanoparticles, surface
modication with thiols can induce signicant optical changes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Colloidal gold nanoparticles in general support localised plas-
mon resonances in the visible wavelength range, leading to
a pronounced peak in their extinction spectra as a result of
absorption and scattering of light. The dielectric properties of
their surrounding medium impact the resonance wavelength,
hence ensemble spectroscopy is oen utilized as a convenient
approach to study adsorption of molecules at the nanoparticle
surface via recording the spectral shis, as decreasing
(increasing) the medium's effective refractive index leads to
a blueshi (redshi) of the resonance peak.23 The gold nano-
particles on the other hand can also be considered as nanoscale
lossy dipole antennae, and the damped harmonic oscillator
model has been applied with great success to describe the
scattering spectra of individual nanoparticles.24 The localised
plasmon resonance energy and plasmon linewidth (damping)
can be obtained by tting a Lorentz-oscillator to the measured
scattering spectra. These quantities are determined by the
particle geometry (size, shape, aspect ratio) and the properties
of the embedding medium or surface coatings and contain
contribution from different factors like retardation, radiation,
surface effects or interband transition, that will determine their
actual values (see ESI† for details). For the present work, upon
surface modication of the nanoprisms by thiolated molecules
like MTAB or mPEG-SH, changes in the resonance energy are
induced by modifying the effective dielectric properties of the
surrounding medium, while a resonance peak broadening can
be expected at the same time due to increased chemical inter-
face damping.25–27 While measurements on individual nano-
particles are not affected by inhomogeneous broadening, there
will be an inherent particle-to-particle variation of the reso-
nance energy and damping and hence the optical changes have
to be recorded at each nanoparticle separately.

In the present work, we investigate the impact of two
prototypical molecules (MTAB and mPEG-SH) on the optical
properties of gold nanoprisms both at the ensemble and single
nanoparticle level in order to see how the presence of an already
adsorbed thiol affects the accumulation of a second one during
composite layer formation. The molecules used differ largely in
structure and size, with MTAB being a thiolated analogue of the
inherent capping ligand of the nanorods (CTAC), hence its
easier surface access is anticipated. mPEG-SH on the other
hand has a molecular weight of 5000 Da and carries no charge.
In ensemble, the time-dependent resonance shi and dynamic
light scattering, during single particle experiment the damped
harmonic oscillator derived resonance energy and chemical
interface damping changes are used to characterise the thiol
accumulation.

Experimental

The chemicals were obtained from Merck, 5000 Da mPEG-SH
was purchased from Rapp Polymere GmbH. The chemicals
were used as received. MTAB and mPEG-SH were stored in
a glove-box refrigerator and handled under inert atmosphere
before preparing their aqueous solutions. The gold nanoprisms
have been prepared and puried according to already published
protocols.28,29
© 2023 The Author(s). Published by the Royal Society of Chemistry
A Zeiss LEO 1540-XB operated at an accelerating voltage of 5
keV was used to obtain SEM, and a JEOL 3010 (operated at 300
keV) to record TEM images of the particles. The hydrodynamic
diameters were characterized using a Malvern Zetasizer Nano
ZS. For the measurement of the ensemble optical spectra and to
adjust the particle concentration a Shimadzu UV-3600i Plus
spectrometer was used, for the time-dependent extinction
measurements a Thorlabs CCS200 with a custom soware
written in Labview has been employed, taking the average of 301
spectra at each measurement point (1 ms integration time
each). The measured time-dependent extinction spectra have
been bulk-processed in OriginLab to obtain the dipolar plas-
mon peak wavelength position.

For a typical single particle measurement standard micro-
scope slides (Marienfeld) were cleaned by ultrasonication (1
hour; 2% Hellmanex III; 1 hour; ultrapure water) and air
plasma. The particles (extinction @ 400 nm: 0.2; 50 mM CTAC
concentration) were spin-coated on the substrates, rinsed with
copious amount of 2-propanol, blown dry with nitrogen and
plasma treated for 30 seconds to remove any surface bound
organic molecules. The closed ow cell was constructed using
a polycarbonate perfusion chamber (Grace Biolabs, 150 mm
chamber height) and connected to an Ismatec Reglo Digital
pump using Teon tubing. The ow cell was mounted on an
upright optical microscope (Olympus BX51) which has a modi-
ed sample stage to accommodate a PI P-545.xR8S XYZ piezo
positioner. The microscope is equipped with a dedicated oil-
immersion dark-eld condenser (NA = 1.2–1.4) and an IR-
enhanced light source (100 W – Olympus U-LH100IR). A 50×
objective (Olympus 50× MPlanFLN, NA = 0.8) was used to
collect the scattered light and the image was projected on the
entrance slit of an imaging spectrometer (Princeton Instru-
ments Isoplane SCT320 with a PIXIS:400BRX camera cooled at
−70 °C). A custom measurement control and acquisition so-
ware written in Labview was used to obtain the scattering
spectrum of 20+ nanoparticles. The 3D (X/Y and focus) position
of each nanoparticle has been automatically optimised by the
control soware right before measurement. The spectra were
obtained by averaging 5 exposures 2 seconds each. The
measured spectra were corrected for the optical transfer func-
tion of the whole setup (including the ow cell), the dark
current of the detector and the lamp spectrum. The scattering
spectra were batch-processed in OriginLab, tting the Lorentz-
oscillator model to the scattering spectra. The contribution of
the interband transitions to the resonance frequency and
damping values was taken into account and corrected for based
on earlier published works (see ESI† for details),30,31 so that
solely the impact of the molecules on the damping and reso-
nance energy could be obtained.

Regarding the ow-cell handling, rst the cell was lled with
water at 20 mL min−1 to ensure that no air bubbles are trapped
inside the cell. Aer lling, it was ushed (500 mL min−1; 2500
mL) and pre-conditioned (100 mL min−1; 1 hour) with ultrapure
water. Then the reference spectra of the individual particles was
measured and the solution containing the thiols was used to
ush the cell (500 mL min−1; 2500 mL). A steady ow of 100
mL min−1 was maintained for 30 minutes before each
RSC Adv., 2023, 13, 30696–30703 | 30697
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measurement point. For two-step modications the second
thiol was introduced in the same way (ushing followed by
a steady ow).
Fig. 2 Spectral shifts of gold nanoprisms obtained with different
concentration of MTAB (a) and mPEG-SH (b) added. Bottom panels
show the two-step surface modifications with the combined use of
the two types of thiols. MTAB (c) or mPEG-SH (d) is added first at
various concentration, and then the other type of thiol is introduced at
a fixed concentration (100 mM mPEG-SH for (c) and 10 mM MTAB for
(d)). The arrows and the vertical dashed line indicate the timing of the
addition of the second type of thiol.
Results

The nanoprisms have an edge length of 68.3 ± 8.6 nm (see
Fig. S2† for the distribution). The ensemble optical spectrum
(Fig. 1a) is dominated by the fairly sharp localised plasmon
mode of the prisms at around 640 nm, which can be attributed
to the tip-edge dipole resonance, with the high-intensity eld
localised around the particle tips.32,33 Due to geometric reasons,
this mode is the superposition of the three equivalent dipole
directions. In general, both MTAB and mPEG-SH induce
a blueshi upon binding to the nanoparticles (see Fig. S3† for
a typical extinction spectrum). It is important to note that the
main plasmon peak shi can be associated primarily with the
dielectric changes in the tip and to some extent in the edge
region of the particles, as these parts of the prisms are involved
in the dipolar resonance of the electrons.32 For MTAB (Fig. 2a),
the rate of blueshi is proportional to the bulk concentration in
the 0.1–10 mM concentration range and the nal extent of
blueshi is achieved aer ca. 10 minutes of thiol addition.
Interestingly, while the highest rate is clearly observed for 100
mM, the largest blueshi is obtained at 10 mM MTAB concen-
tration. This might be caused by the very rapid binding of MTAB
to the particles' surface, that leads to the formation of a more
disordered molecular coating. Similar effects can be observed
for mPEG-SH as well (Fig. 2b), whereas in this case an order of
magnitude larger concentration is necessary to achieve similar
blueshi values than for MTAB, which might be attributed to
the larger size and hence lower graing density of PEG. Again,
raising the PEG concentration to 1000 mM resulted in a lower
overall blueshi compared to the 100 mMcase. For PEG the peak
shi rates are fairly similar at different concentrations, which is
in agreement with multiscale simulations predicting zero-order
(with respect to the thiol concentration) exchange reaction
Fig. 1 Extinction spectrum of the purified nanoprisms. The inset
shows the transmission electron microscopic image of the particles.

30698 | RSC Adv., 2023, 13, 30696–30703
between CTA+ layers and mPEG-SH.34 The blueshi associated
with the ligand adsorption is generally attributed to the strongly
binding ligand displacing the initial surfactant capping layer
(CTA+ in the present case), resulting in a lower effective refrac-
tive index in the optical near-eld around the particles. For
MTAB this can be understood as the thiolated CTA+ analogue
binding with its tail group to the particle surface, with the
opposite orientation as the CTA+ generally expected to be
oriented in the close vicinity of the gold surface.10 It should be
noted though, that CTA+ most probably forms discrete globular
micellar-like structure at the surface of the particles with
channels between them.8,10,11 This also means that most likely
ligand-island growth takes place, starting at the openings, as
suggested by some recent results obtained with gold nano-
prisms which show the preparation of tip-patched particles.29,35

For mPEG-SH the observed blueshi can originate from its size:
the macromolecules tethered at particle surface are occupying
a signicant volume of the optical near eld and can effectively
displace the inherently present, associated CTA+ molecules. It is
generally anticipated that curvature of the gold particles deter-
mines the density of the ligand layer and hence the edges and
tips of the prisms are expected to be covered much easier.8 The
bulk concentration-dependent blueshis obtained at the end of
the measurement window (30 minutes) on the other hand
suggest that the coverage is different at each concentration level
and that there might be still unoccupied adsorption sites
present at the tips/edges. Nevertheless, it has to be emphasized,
that the estimated ligand/particle ratio translates to about one
monolayer coverage or more (except for the 0.1 mM MTAB
concentration; for details see Fig. S4†). Still, to see if additional
molecules can bind to the surface, the two types of thiols were
also introduced in a consecutive way into the same systems
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 2c and d). For the MTAB/PEG case the timing of PEG
addition was chosen so that most of the MTAB associated
blueshi already took place (see arrows in Fig. 2c), whereas for
the PEG/MTAB system MTAB was introduced at the same time
(dashed vertical line in Fig. 2d), since the rate of blueshi upon
PEG addition was found to be fairly independent of the PEG
bulk concentration. The concentrations for the second type of
thiol were chosen based on the largest attainable blueshi with
the individual thiols (Fig. 2a and b; 100 mM mPEG-SH and 10
mMMTAB). A general nding is that provided the binding of the
rst thiol was sufficiently low, the second type of thiol induces
additional blueshi, the magnitude of which is inversely
proportional to the amount of the rst thiol. This indicates that
indeed the coverage is not yet complete in the tip/edge region at
the time the second thiol is introduced and a composite ligand
layer can be formed. At the same time this behaviour also
strengthens an island-growth mechanism, as for the second
ligand induces simply an additional blueshi like it would have
caused by itself, with the blueshi being inversely proportional
to the available binding sites. If true intermixing of the two
molecule types took place, one would expect a lower blueshi or
even a redshi at some point due to the large differences in the
molecular layer structures of the two ligands: MTAB with
a densely packed shell at the surface and mPEG-SH exible
chains reaching farther into the solution21 – the homogeneous
combination of these is expected to result in a ligand shell with
higher optical density.

Dynamic light scattering experiments also support the
simultaneous presence of the two ligands at the particle surface.
In Fig. 3, the dashed lines refer to the reference diameter values
measured on either purely mPEG-SH orMTAB covered particles,
which were prepared by a 24 hour surface modication proce-
dure using 1 mM thiol concentration both for mPEG-SH and
MTAB. At this high ligand concentration and long treatment
Fig. 3 DLS derived hydrodynamic diameter of the nanoprisms after
performing two-step surface modification, corresponding to the
samples shown in Fig. 2c and d. The horizontal dashed lines indicate
the hydrodynamic diameters obtained for the fully PEGylated or MTAB
coated particles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
time compared to minutes time scale involved in the two-step
ligand exchange, these reference particles can be regarded as
fully surface modied under the given circumstances. The
derived hydrodynamic diameter is dened by the lateral
dimension of the prisms,36 and ligands loaded on the side/tip
regions can alter the measured size, consequently, there is
a signicant difference between the purely MTAB andmPEG-SH
loaded prisms due to the largely different size of the two ligands
applied. WhenMTAB is used rst in various concentrations and
100 mM PEG is injected in the second step, the hydrodynamic
diameter of the particles asymptotically decreases starting at
the purely mPEG-SH modied diameter value and approaches
the limit of purely MTAB modied particles. This is in agree-
ment with the results of the ensemble optical measurements
and suggests that at lower MTAB concentration more mPEG-SH
can be loaded on the particles, whereas at higher MTAB
concentration an increasing proportion of the tips/edges is
already occupied by the rst molecule. When PEG is added rst,
no such clear trend is observed: the derived diameters are close
to the reference value of mPEG-SH, indicating the attachment of
the macromolecules around the perimeter of the prisms even at
the lowest investigated concentration. This is in agreement with
the spectroscopic results (Fig. 2d).

The spectroscopic and DLS results imply that a composite
ligand layer can be prepared with the two-step surface modi-
cation approach and controlling the concentration levels might
enable compositional control of the nal ligand layer through
the kinetic control of molecular adsorption. Nevertheless, one
may note that both the above spectroscopic and DLS measure-
ments are sensitive only to the tip/edge region of the particles.
In order to obtain additional data on the ligand binding,
microspectroscopic experiments have also been performed in
a liquid cell, measuring the light scattering spectra of individual
nanoprisms and their changes upon thiol molecule binding.
The main benet of this approach is that the measured single
particle scattering spectrum is not affected by inhomogeneous
line broadening and hence a more rigorous comparison with
theory becomes possible.

The thiol adsorption was characterized by tting the indi-
vidual particles' spectra using a damped harmonic oscillator
model. In this case, the interband contribution to the full
damping (DG) of the plasmon resonance has been taken into
account and the peak position of the plasmon resonance has
been corrected (see ESI† for details). In agreement with earlier
results on silver or gold nanoprisms, the scattering spectra of
the nanoparticles show the characteristics of a dipole antenna
and the Lorentz-oscillator model provides an excellent t to the
measured values (Fig. S5†).37,38

The changes of these corrected DG andDEres values over time
upon introducing the thiols into the ow cell are plotted in
Fig. 4. To simplify data representation, at each measurement
point the DGi and DEires values of the individual particles are
evaluated statistically, so that the average values (symbols) show
the trend, while the ‘error’ shown as a shaded region actually
indicates the range in which the values are scattered in the
measured particle populations. Some particle-to-particle varia-
tion in the determined values can be naturally expected due to
RSC Adv., 2023, 13, 30696–30703 | 30699
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Fig. 4 Localised surface plasmon resonance broadening (DG) and
peak shift (DEres) of gold nanoprisms obtained by the surface
adsorption of different thiol molecules: 10 mM MTAB (a) and 100 mM
mPEG-SH (b).
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the size variation of the particles and considering earlier studies
indicating some degree of heterogeneity between individual
particles' coverage and molecule binding rates.39 For the
measurements the particles have been extensively cleaned by
isopropanol and mild plasma treatment so that the adsorption
on neat particle surfaces can be characterized effectively. As the
native CTA+ layer is absent during these measurements,
a redshi of the resonance (negative DEres) is observed upon
thiol accumulation, which is consistent with an increasing
effective refractive index as a result of organic molecule accu-
mulation in the optical near eld. The plasmon damping G,
however, is increasing over time, which is in line with an
increased chemical interface damping (CID) upon gold–thiol
bond formation observed earlier for gold nanorods in contact
with alkane thiols.25 Earlier studies involving gold nanoprisms
and thiolated aromatic compounds have shown that thiol
adsorption leads to ensemble plasmon peak broadening, which
might be related to the interaction between the excited elec-
trons in the metal and the molecular electronic levels of the
adsorbate,40 although at the ensemble level a clear distinction
between aggregation induced broadening and the CID effect
might be difficult. In the present system, however, the induced
chemical interface damping can be attributed to the formation
30700 | RSC Adv., 2023, 13, 30696–30703
of surface dipoles in the metal upon gold–thiol bond forma-
tion.27,41 When comparing the trends for MTAB and mPEG-SH
(Fig. 4), it is interesting that MTAB shows a prolonged reso-
nance energy change even on the time scale of hours, while
mPEG-SH is fairly constant already aer 30 minutes. This might
be explained by the distinct dynamics of self-assembled
monolayer formation at gold surfaces, aer a fast initial accu-
mulation showing a slower reorganization for molecules with
a molecular structure promoting lateral packing as a result of
intermolecular attraction.42 This can be especially pronounced
for MTAB due to its linear hydrophobic segment, but less for
PEG, for which water can be considered as a good solvent and
has a lower graing density.43 The larger shi observed for
mPEG-SH on the other hand can be attributed to the larger
effective refractive index change caused by the bigger mPEG-SH
molecule as it occupies a larger fraction of the optical near-eld.
The shi and broadening are half of the value of earlier results
obtained using rod shaped gold nanoparticles and mPEG-SH
with the same molecular weight,26 but in the present case
large part of the prisms' surface is blocked by the supporting
substrate.

In the above single particle experiments thiol accumulation
was investigated on neat gold surfaces, while during ensemble
studies the particles are dispersed in a 10 mM CTAC solution.
This simplication was intentional to allow easier interpreta-
tion of the single particle scattering spectra, but obviously the
presence of CTAC at the particle surface might affect the
kinetics of the thiol binding. To demonstrate the impact of
surface-attached CTAC on the process, experiments were also
carried out without completely removing the initial capping
molecules from the prisms. For these measurements the
particles have been subjected to gentle aqueous rinsing only,
without the use of isopropanol or plasma treatment, so the
presence attached CTA+ molecules at the prisms' surface can be
anticipated. The single particle optical scattering experiments
(Fig. S7†) indicate similar trend for the redshi, that is aer 30
minutes most of the resonance energy change takes place, while
the damping values show a prolonged increase even up to 2
hours. These can be an indication of the early occupation of the
tip/edge sites of the prisms by the thiols, followed by the CTA+

replacement at the face region, that would be in line with
various reports on the site-selective functionalisation of aniso-
metric gold nanoparticles.35,44–47

Fig. 5 shows the results obtained with the sequential addi-
tion of the two different thiol molecule types. The second type of
thiol is introduced aer the particles having been in contact
with the rst thiol for 30 minutes and their scattering spectra
were measured. In general, for both cases the damping change
is similar than for the pure thiols and follows similar trend. For
the MTAB/PEG sequence (Fig. 5a), however, the resonance peak
shi shows a clear difference to the pure MTAB case (Fig. 4a).
Upon mPEG-SH addition, the peak shi increases more than
only with MTAB and does not show any trend over time at later
stages (aer one hour). It indicates that PEG was able to attach
to the prisms even whenMTAB was already present. The process
is fairly quick and no further considerable changes can be
observed on the time scale of hours. When the opposite, PEG/
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Localised surface plasmon resonance broadening (DG) and
peak shift (DEres) of gold nanoprisms obtained applying sequential
addition of different thiol types: 10 mMMTAB/100 mMmPEG-SH (a) and
100 mM mPEG-SH/10 mM MTAB (b).

Fig. 6 Localised surface plasmon resonance broadening (DG) and
peak shift (DEres) of gold nanoprisms obtained applying the mixture of
10 mM MTAB and 100 mM mPEG-SH.
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MTAB sequence is applied (Fig. 5b) no such two-step change in
the peak shi can be observed, which result resembles the
purely mPEG-SH case. These results indicate, that it is more
likely to obtain a composite ligand layer during sequential
addition, when MTAB is added rst, as already surface-bound
PEG might prevent the further accumulation of MTAB more
effectively. It also has to be noted based on earlier results that
sequential addition of thiolated PEG and a short chain thiol can
lead to the displacement of the surface graed PEG, while
removal of already attached short chain thiols by thiolated PEG
is less likely.21 It has to be emphasized, however, that in the
present case this is not likely to be the case since the thiol
concentrations are several orders of magnitude lower, and such
replacements would be reected at least in the resonance
energy, since based on Fig. 4 there is a signicant difference in
the induced DEres for pure MTAB and mPEG-SH.

The effect of the two different thiols has been also investi-
gated when not sequential, but simultaneous addition was
performed, introducing a mixed solution with 10 mMMTAB and
100 mM mPEG-SH concentration into the cell (Fig. 6). Interest-
ingly, in this case a higher damping increase (∼10 meV) and
a more pronounced peak shi value (∼15 meV) were found.
These observations imply a competing ligand adsorption
© 2023 The Author(s). Published by the Royal Society of Chemistry
process, involving the simultaneous build-up of a more inter-
mixed thiol layer, where none of the ligand types dominates the
ligand shell, but with a higher molecular loading. This can be
a result of the size difference between MTAB and PEG: the
region closer to the particle surface is occupied by MTAB and
the PEG chains extend more into the solution. Hence, if the
accessibility to any potential function encoded by a small
surface-bound moiety is needed but at the same time the
simultaneous presence of a macromolecule is also desired,
sequential addition starting with the small thiol might be the
preferable strategy to create a composite ligand shell.
Conclusion

The experiments indicate that the combination of MTAB and
mPEG-SHmolecules allows the preparation of composite ligand
layers on gold nanoprisms, provided that the concentration of
the molecules is appropriately controlled in the micromolar
range. During ensemble optical spectroscopy measurements
both molecule types induced a resonance blueshi of the gold
nanoprisms' localised plasmon resonance peak, which was
assigned to the removal of the intrinsic ligand layer (CTAC).
From the experiments where the two thiolated molecule is
introduced in a sequential manner, an island-growth type
accumulation for both types of molecules and the side-by-side
presence of domains with different ligand types can be antici-
pated. Based on the time-dependent plasmon resonance shi,
there is the possibility to ne-tune the amount of the different
ligands by controlling the concentration of the rstly added
thiol. The simultaneous presence of the different thiol types,
and the varying composition with ligand concentrations can
also be inferred from dynamic light scattering measurements.
The single-particle optical scattering experiments performed on
neat gold nanoprisms conrmed the ligand binding based on
the interband transition corrected increase of the (chemical
interface) damping and redshi of the resonance peak position.
It was found that mPEG-SH is able to bind to partially MTAB
covered prisms, while the binding of MTAB on partially PEG
RSC Adv., 2023, 13, 30696–30703 | 30701
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modied prisms is less pronounced. Nevertheless it was found
that a mixed ligand layer with higher molecular loading can be
prepared on the neat prisms when the two ligand types are
introduced at the same time. This work shed light on the
importance of the design of the overall surface modication
procedure and shows the effect of the thiols' chain length on the
preparation of composite ligand shells on gold nanoprisms.
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