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Functionalization with polymer ligands enhances
the catalytic activity of surfactant-stabilized gold
nanoparticles†

Sophie Jancke a,b and Christian Rossner *a,b,c

Plasmonic nanoparticles are increasingly explored as catalytically active entities to affect (photo-)catalytic

transformations. Synthesis methods are established for accessing such nanoparticles with defined dimen-

sion and shape, thereby controlling their plasmonic behavior, including the possibility of resonance engin-

eering and the control of chiral plasmonic properties of single plasmonic nanoparticles that can be used

to drive asymmetric photocatalytic transformations. However, the most productive nanoparticle synthesis

procedures employ surfactants that lead to comparably dense surface layers and may limit surface acces-

sibility. In this work, we demonstrate that functionalization of such surfactant-stabilized plasmonic gold

nanoparticles with a brush-type polymer-ligand layer results in both significantly increased catalytic

activity in the colloidal solution state (by a factor of ∼4) and excellent colloidal stability, enabling several

catalytic cycles. Heterogeneous catalysis experiments performed after surface deposition allowed the

comparison between polymer ligand-grafted and ligand-free gold nanoparticles, which show comparably

weak differences in catalytic rate (a factor of ∼1.8). These results pave the way for efficient (photo-)cataly-

sis driven by well-defined plasmonic nanoparticles in colloidal solution.

Introduction

Catalysis by gold nanoparticles (AuNPs) has first gained inter-
est when it was discovered that – opposed to bulk gold – nano-
particulate gold is active in reactions such as selective CO and
H2 oxidation, CO2 hydrogenation or methanol oxidation.1–3

Later, AuNPs were successfully used in a variety of organic
reduction reactions, such as reductions by borohydride,
reduction of carbonyls and N-alkylation of amines.2 When the
reaction progress is coupled to a change of solution color, as is
the case e.g. for the reduction of nitrophenols, structure–
activity relationships can be established in a convenient
manner.4–6 AuNP catalysis is still a vibrant domain of materials
science, which recently gained additional momentum because
the optical properties of gold also enable plasmonic catalysis,
i.e. plasmon-mediated chemical reactions driven by light of
visible frequencies.7 Three main mechanistic modalities of

plasmonic catalysis can be discriminated: (localized) plasmo-
nic heating,8 local field enhancement,9,10 and direct hot-
carrier transfer of electrons.11–13 Appropriate chemical design
of the catalytically active entity allows to isolate such plasmo-
nic effects on catalytic activity from non-plasmonic pathways.14

Recently, there has been abiding research effort dedicated to
the mechanistic understanding of reactions catalyzed or pro-
moted by AuNPs, especially in the domain of heterogeneous
catalysis.15–17 Starting from tailored particles using surfac-
tants, ligand exchange and subsequent deposition can achieve
heterogeneous catalysts with a complexity and homogeneity
that is unattainable with top-down methods.18

In comparison to the mentioned heterogeneous catalytic
systems AuNP-mediated catalysis in colloidal solution requires
AuNP stabilization. The most common stabilizing agents
that derive from AuNP synthesis procedures are citrate19 and
quaternary ammonium surfactants such as cetyltrimethyl-
ammonium bromide (CTAB)20 or cetyltrimethylammonium
chloride (CTAC).21 Both citrate and surfactant capping agents
only provide colloidal stability in a limited solvent/ionic-
strength parameter space and are easily displaced by other
competitive small-molecule ligands, which is why often times
alternative surface coatings are applied after AuNP synthesis.
Such surface coatings may provide additional opportunities
for controlling catalytic activity but may also impair it.
Opportunities can emerge from additional control over the
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reaction that can be exerted by distinct coatings. For example,
additional chemisorption of poly(vinyl pyrrolidone) onto
silica-supported AuNPs was demonstrated to greatly enhance
the selectivity for benzaldehyde in the aerobic oxidation of
benzyl alcohol.22 Polymer functionalization also enables the
on-demand switching of reaction rate in response to external
stimuli that are processed by the polymer coating in different
ways, leading to e.g. volume phase transitions23,24 or triggered
de-sorption from the surface.25 Moreover, catalyst recycling
can be facilitated by special solvency behavior of a polymer
coating.26 However, concomitantly with surface functionali-
zation arises the question of surface accessibility.27,28

Especially citrate-capped AuNPs are catalytically active but
limited in terms of colloidal stability. Table S1† summarizes
publications where catalysis in colloidal solution from gold
nanoparticles is studied, and the catalytic activity before and
after functionalization with polymer molecule ligands via the
grafting-to method is compared: upon such surface
functionalization, a reduction of catalytic performance is
experimentally observed, with the exception only of grafted
polymers carrying N-heterocyclic carbene end groups that act
as gold anchoring moieties.27,29–34 It was demonstrated that
catalytic activity is directly correlated with the grafting density
of adsorbed (polymeric) ligands (in units of adsorbed mole-
cules per surface area).30 In the case of CTAB/CTAC-stabilized
nanoparticles, on the other hand, huge part of the Au surface
is blocked by the dense surfactant bilayer,35 while molecular
dynamics simulations also predicted the formation of chan-
nels that give rise to some limited accessibility of the
surface.36 However, many recent advancements in design and
synthesis of plasmonic nanoparticles were enabled by using
quaternary ammonium surfactants: complex shapes such as
near-perfect spheres,37 cubes,38 rods,39 triangles,40 stars,41

nanorattles,42 and even chiral nanoparticles43 have been syn-
thesized, as well as bimetallic particles of well-defined shape
and composition.39,44 These structures feature unique plasmo-
nic properties that in turn enable otherwise not attainable
catalytic possibilities, such as asymmetric organic catalysis in
which the handedness of circularly polarized light translates
into the chiral properties of the reaction products.45 Moreover,
when polymer ligands enable catalysis in colloidal solution the
available surface is intrinsically increased as the NPs are in
contact with the reaction medium from all sides.27

Concomitantly, the advantages of heterogeneous and hom-
ogenous catalysis can be combined, such as simple catalyst
removal in a classic batch reactor process.27 Thus, leveraging
the catalytic performance of surfactant-stabilized AuNPs by
improving surface access is an important goal toward efficient
solar-to-chemical energy conversion.

The purpose of this work was twofold: (i) We investigated
the effect of polymer functionalization on the catalytic behav-
ior of surfactant-stabilized gold nanoparticles; and (ii) com-
pared the catalytic activity with substrate-deposited systems
after ligand removal. We employed polymer ligands syn-
thesized by the Reversible Addition–Fragmentation chain
Transfer (RAFT)46 method. Polymer molecules synthesized

by that method can be readily anchored to gold surfaces via
their trithiocarbonate end groups.47–50 As a model reaction
we chose the oxygen-assisted decomposition of hydrogen
peroxide and subsequent decolorization of methylene blue
(MB), which occurs in the dark but is further accelerated by
illumination,51 which allows us to investigate the catalytic
effect of AuNPs on both reaction pathways. Our results
demonstrate colloidal stability of the polymer-NP hybrids
under reaction conditions and significantly increased reac-
tion rate when high molar-mass polymer ligands replaced
the initial CTAC surfactant, indicating enhanced surface
access. These polymer-grafted gold nanoparticles thereby
approach the catalytic activity of the ligand-free Au surface
as demonstrated by experiments after deposition on a
substrate.

Experimental section

Ascorbic acid (AA, >99%), hydrogen tetrachloroaurate (HAuCl4,
>99.9%), sodium borohydride (NaBH4, 99%), dioxane, 2-
(dodecyl-thiocarbonothioylthio)-2-methylpropionic acid
(DDMAT, 98%), azobis(isobutyronitril) (AIBN) and N,N-di-
methylacrylamide (DMAM, 99%) were obtained from
SigmaAldrich. Hexadecyl-trimethylammonium bromide
(CTAB, 99%) and hexadecyltrimethylammonium chloride
(CTAC, >99%) were obtained from Molekula. AIBN was recrys-
tallized from toluene/hexane (1 : 3) and DMAM purified
through an aluminumoxide column to remove the inhibitor.
All other chemicals and solvents were used as received. Fresh
purified water (Milli-Q grade, 18.2 MΩ cm at 25 °C) was used
in all experiments.

Seeded-growth synthesis of AuNPs

All glassware and stir bars used in the synthesis were
thoroughly cleaned with aqua regia. The synthesis of AuNPs
using surfactants followed a protocol from Schletz et al.:37 A
solution of 4.7 mL CTAB (100 mM) and 1.25 µmol HAuCl4 was
heated at 32 °C for 10 minutes. Then, 300 µL of a freshly pre-
pared 10 mM NaBH4 solution was rapidly injected while stir-
ring vigorously, continuing for 30 seconds, followed by aging
for 30 minutes. 40 mL of CTAC (200 mM), 5 mL of AA (1 M),
and 1 mL of the Wulff-seed solution were mixed, 40 mL of a
CTAC (200 mM) and HAuCl4 (1 mM) solution added under
mild stirring, and after 15 minutes purified by twofold cen-
trifugation-redispersion in 10 mL of 10 mM CTAC. To obtain
larger particles, 200 mL of CTAC (60 mM) and AA (3.9 mM)
were mixed with varying amounts of the seed solution, larger
amounts resulting in smaller particle diameter (see volumes
and concentrations listed in Table S2.†) Then, 360 mL of a
1.5 mM HAuCl4 solution in CTAC was added at 1 mL min−1

with a syringe pump and ECOFLO® Scalp vein sets 21 G green.
Afterward, 40 mL of the same solution were added to etch the
particles into spheres and after 30 minutes the solution was
purified by twofold centrifugation-redispersion in 10 mM
CTAC.
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Synthesis of poly(N,N-dimethylacrylamide)

Linear polymer linker (a) PDMAM4.5 and (b) PDMAM49 was
synthesized via reversible addition–fragmentation chain trans-
fer polymerization.46 DDMAT ((a) 40 mg, 0.106 mmol, (b)
4 mg, 0.011 mmol), AIBN ((a) 5.8 mg, 0.0356 mmol, (b)
0.58 mg, 0.0036 mmol), and DMAM (0.441 mL, 4.277 mmol)
were dissolved in 1.8 mL dioxane, purged with Ar for 10 min,
and polymerized at 60 °C for 5 hours. The polymer was puri-
fied by precipitation from Et2O and dissolution in DCM which
was repeated four times, then dried under vacuum at 40 °C for
12 hours. The molecular weight was determined from size
exclusion chromatography (ESI, Fig. 1†) as (a) MGPC

n = 4500 g
mol−1, Đ = 1.06 and (b) MGPC

n = 49 000 g mol−1, Đ = 1.21.

Ligand exchange from CTAC-capped AuNPs

To facilitate the targeted ligand exchange, in a first step excess
surfactant needs to be removed. Here, we used a comparatively
simple approach: a small quantity of sample was centrifuged and
re-dispersed in pure water after supernatant removal, repeated n
times until aggregation visibly occurred. For the functionalization
with polymer ligands, n − 1 centrifugation-redispersion cycles
were used prior to polymer grafting (see details in Table S3†).
This method achieved reproducible results and NP dispersions
that showed no aggregation. The particles could be centrifuged
and redispersed multiple times. Less than n − 1 centrifugation/re-
dispersion cycles prior to polymer functionalization on the other
hand resulted in poor colloidal stability. This was associated with
incomplete re-dispersion after centrifugation and can be attribu-
ted to an insufficient polymer grafting density. Schulz et al. pro-
posed 2-phase extraction as a method to remove excess CTAC.52

For comparison, the 2-phase method was tried and no further
improvement regarding colloidal stability and catalytic activity
could be achieved compared with the approach used in this work
(ESI, Fig. S2†). An ultrasonic bath was used to promote the
polymer-grafting, which is an activated barrier-controlled
process.53 Comparison between extinction spectra of
PDMAM@AuNPs and CTAC-functionalized particles reveals no
changes in the linewidth of the plasmon peak indicating absence
of aggregation and colloidal stability (ESI, Fig. S3†).
Electrophoretic measurements reveal successful polymer grafting
by a sign change in zeta-potential value. Since the grafted polymer
is electroneutral, this is explained by the cationic surfactant
bilayer being removed during the polymer functionalization and
chemisorbed chloride ions being left at the gold surface, which
changes the zeta potential from strongly positive to a negative
value (Fig. S3†), as previously demonstrated.54,55 Further proof for
functionalization with polymer ligands and the stabilizing role of
the polymeric ligand is obtained in control experiments (Fig. S4a
and b†), TEM images and DLS measurements (Fig. S4c and d†).

Model reaction for catalytic activity

A dye decomposition reaction was chosen as it can be easily
followed by UV-vis spectroscopy (Fig. 1b). More specifically, the
decolorization of methylene blue by oxygen-assisted hydrogen
peroxide decomposition on AuNPs was studied (proposed

mechanism see Fig. 1a). It was proposed by Wen et al. that in
this reaction oxygen is first adsorbed on the gold surface.51

Strongly promoted by the localized surface plasmon resonance
(LSPR), an active oxygen intermediate that resembles singlet
oxygen is created and subsequently reacts with hydrogen per-
oxide to create reactive hydroxyl radicals.51 The decomposition
of MB by this radical species has been thoroughly investigated
for wastewater treatment.56 According to these investigations, in
a first step the OH radical attaches to the MB molecule in one
of the available positions. In the following, the intermediates
undergo a second reaction with radical OH that is followed in
most cases by full decomposition.56 For illumination a Cree
XHP50 SMD-LED (6500 K) was used and the distance varied for
different light intensities. The conditions for catalytic experi-
ments (Table S4†), calculation of total Au surface and method
for the kinetic fit are explained in section 6 of the ESI.†

Sample preparation for heterogeneous catalysis

Glass substrates (25 × 25 × 1.1 mm, redox.me) were washed
using sonication (5 min, 25 °C, 37 kHz) in acetone and isopro-
panol, consecutively. The substrates were then treated with
oxygen plasma for 5 minutes. The PDMAM49@Au43 nano-
particle solution was transferred to MeOH by 3× centrifugation –

redispersion to give a highly concentrated dispersion (39.7 mM).
20 µL of this solution were used per sample in the spin coating
process. To ensure a good quality of the layer, extinction spectra
of the layer were recorded and the best samples selected (clear
plasmon absorption signal, minimal aggregation visible). Of
those samples, one was used in the catalysis as prepared. The
others were treated with oxygen plasma (if not further specified
for 10 min). During this treatment, the polymer was removed,
and agglomeration occurred to some extent. Half of the plasma
treated samples were then re-functionalized with polymer to
allow direct comparison with the ligand-free surface without
influence of the formed agglomerates.

Results and discussion
Stability during the reaction

While the polymer-stabilized particles are fully stable in water
and other good solvents for PDMAM over long periods of time,

Fig. 1 (a) Proposed mechanism for the hydrogen peroxide-mediated
decomposition of methylene blue by reactive oxygen species generated
on free plasmonic nanoparticle surface enabled through PDMAM ligand
stabilization. (b) loss of MB absorption peak over time.
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keeping them fully dispersed during the catalytic reaction
proved to be dependent on the solvent used. In pure water, it
was observed that particles assembled at the water/glass and
water/air interfaces during the catalyzed reaction. Although the
characteristic red color was maintained and particles can be
easily redispersed using ultrasonic treatment, attempts to
prevent the segregation process by stirring or shaking during
the reaction were unsuccessful. Changing the solvent to MeOH
provided better colloidal stability, but the reaction rate
decreased significantly. A 1 : 1 mixture of THF and water
however gives the same reaction rate as pure water together
with complete colloidal dispersion throughout the reaction:
full methylene blue decomposition can be achieved without
any loss in characteristic AuNP absorption (Fig. 2a). Because of
the excellent colloidal stability, catalyst recycling could be suc-
cessfully demonstrated with again no loss of gold absorption
during the catalyzed reaction (Fig. 2b). The biggest challenge
regarding catalyst re-use here is associated with the handling
during the step of centrifugation – redispersion after the reac-
tion took place. Here, some agglomeration was observed and
after the second cycle not all colloidal gold could be retrieved
– in consequence the half-life time of the reaction increases.
To ensure full catalyst recycling, more optimization of this cen-
trifugation/re-dispersion step or alternative methods like filter-
ing may prove useful. Fig. 2c shows the strong visible differ-
ence between the stable (solvent mixture) and non-stabilized
(pure water) system. Zeta potential measurements revealed
that during the reaction negative charges accumulate on the
particle surface (Fig. 2d). In MeOH the surface becomes posi-
tively charged, which, together with the strongly reduced reac-
tion speed, indicates that the catalytic reaction is impaired. It
is shown that in THF/H2O, the most successful system, nega-
tive charges also accumulate, indicating that the reaction
mechanism is not strongly affected. The net values of zeta

potential are smaller compared to pure water; however, this is
also the case before the reaction (empty bars) and presumably
results from more effective separation of ion pairs in pure
water.

Catalysis depending on gold-nanoparticle dimension and
chain-length of surface ligands

The catalytic activity of differently sized AuNPs with (a) CTAC
surfactant, (b) PDMAM 4.5 kDa and (c) PDMAM 49 kDa were
studied and referenced against the reaction without catalyst
present. The absorption peak of methylene blue was observed
by recording extinction spectra of the reaction solution at
different points of time during the reaction. The reaction rate
coefficients from first order fit to the obtained MB absorption
maxima over time are displayed in Fig. 3. The lowest reaction
rate coefficients among the catalyzed cases are observed for
CTAC@AuNPs. Interestingly, a relatively strong size depen-
dency is observed: larger particles cause only slight enhance-
ment compared to the non-catalyzed reaction and a maximum
at 28 nm is found. This observation of a “magic-size effect” is
consistent with findings from Fenger et al. and Piella et al.
who observed very similar behavior with a maximum around
20 nm when studying nitrophenol reduction with CTAB57 and
citrate29 stabilized particles, respectively. Upon functionali-
zation with PDMAM Mn = 4.5 kDa, we observe a significant
increase in reaction rate coefficients, which becomes even
stronger when PDMAM ligands with Mn = 49 kDa are used.
Upon functionalization with these higher Mn PDMAM ligands,
an enhancement up to factor 4 for the larger particles is
achieved. This demonstrates that high-Mn polymer ligands can
stabilize particles and at the same time provide access to the
catalytic surface, by forming a polymer layer that is not dense
in a good solvent: the grafting-to approach leads to smaller
grafting densities when polymer ligands with higher Mn are
employed in the grafting process.58 Therefore, small molecules
can easily penetrate into the brush layer and diffuse to and
from the catalyst surface.

Fig. 2 (a) Extinction spectra at different points of the reaction. (b)
Reaction cycles with NP centrifugation in-between. (c) Images from MB
decomposition reaction in water and H2O/water. (d) Zeta potentials
before (empty bars) and after (filled bars) the reaction in different
solvents.

Fig. 3 Reaction rates for MB decomposition from first order fit using
different ligands: CTAC, 4.5 kDa PDMAM and 49 kDa PDMAM. Vertical
error bars from repeated experiments to ensure reproducibility.
Horizontal error bars from deviation in particle size as found in TEM
images.
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Comparison to ligand-free gold surface

To put the experiments in colloidal solution into perspective,
the catalytic activity was compared to that of a ligand-free gold
surface. To make that comparison, the NPs were deposited on
a substrate and used in a heterogeneous catalysis setup. After
spin coating PDMAM49@Au43 from MeOH onto cleaned glass
substrates, the samples were treated with oxygen plasma to
remove the polymer ligands. To ensure complete removal of
the polymer ligand as well as the quality of colloidal gold after
plasma treatment, transmission spectra were recorded
between the processing steps (Fig. 4). After plasma treatment
(orange), a vertical shift across the whole spectral range is
observed, which is reverted upon re-grafting polymer ligands
(highlighted by black arrows, Fig. 4 upper panel). We attribute
this observation to light scattering resulting from the refrac-
tive-index mismatch between the additional interfaces (air/dry
PDMAM and PDMAM/Au), which are absent in the ligand-free
gold system after plasma treatment. Additionally, after the
plasma treatment an additional peak appears at the low-
energy shoulder of the plasmon peak, which indicates some
agglomeration. Because refractive-index sensitivity generally is
proportional to resonance wavelength,59 upon re-functionali-
zation the change in refractive index has the biggest effect on
the low-energy region of the spectrum, red-shifting the reso-
nance position and increasing extinction values.60 Fig. S5†

shows findings on the removal of polymer as well as aggregate
formation during plasma treatment. Because polymer re-graft-
ing is unlikely to affect the agglomeration state of deposited
nanoparticles, it is reasonable to assume a comparable degree
of agglomeration for both samples after the plasma treatment
(orange and green trace in Fig. 4, panel c). We therefore
compare their catalytic performance for MB decomposition
(additionally, the performance of the sample before plasma
treatment (blue) is given in Fig. S6†). The results are shown in
Fig. 4, panel c. Compared to a blank experiment,
PDMAM49@Au and Au on glass samples both show distinct
catalytic activity. The reaction rate coefficient acquired from
catalysis with PDMAM49@Au samples was found to be 55% of
the reaction rate coefficient from pure AuNP catalysis, i.e. a
factor of 1.8. Thus, while the catalytic activity of the ligand-free
reference system is higher compared with the grafted system
PDMAM49@Au, the relative difference in activity is compar-
ably modest.

Light response

We chose the model reaction such that we can investigate the
dark reaction alongside potential plasmon-assisted accelera-
tion, since a colloidal gold catalyst in principle provides both
possibilities. To assess LSPR contribution the reaction was
tested at different light intensities (Fig. 5a) and compared to
the dark reaction at different temperatures (Fig. 5c). At all
tested light intensities, the reaction followed first order kine-
tics and the obtained reaction rate coefficients were fitted
using an adapted Mitscherlich equation (Fig. 5b, ESI†), which
is typically used for light response curves.61 It is observed that,
although a quite pronounced dark reaction is present, the
slope at low intensities is steeper compared to the non-cata-
lyzed reaction. At the highest recorded light intensities, the

Fig. 4 (a) Extinction spectra corresponding to different substrate-de-
posited NP samples for comparison in heterogeneous catalysis. (b)
Schematic representation of the corresponding fabrication steps (same
colours to match with spectra in a). (c) MB decomposition from hetero-
geneous catalysis with reaction rates shown in the inlet. Filled/empty
markers indicate separate measurements to ensure reproducibility.

Fig. 5 (a) Loss in MB decomposition over time with PDMAM@Au43nm
as catalyst and different light intensities. (b) Reaction rate coefficients
for different sizes of NPs and without NPs vs. light intensity. (c) like (a)
but with variation in temperature. (d) Reaction rate coefficient from zero
order fit of data (c) vs. temperature with Arrhenius fit.
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rate is already approaching light saturation. In consequence,
the biggest enhancement is observed at medium light inten-
sity. Since the reaction shows a very strong temperature depen-
dence (Fig. 5c and d) with an apparent activation energy of
only 63 kJ mol−1 according to an Arrhenius fit, plasmonic
heating could in principle affect reaction acceleration. However,
we designed our experiments such that plasmonic heating can
be ruled out as a cause for rate enhancement. We used an unfo-
cussed light source, which resulted in very small power density
and therefore no significant heating effect (order of 10–6 K, cal-
culation see ESI†). Additionally, it was observed that the reac-
tions at elevated temperatures follow zero order reaction kine-
tics opposed to the light-enhanced reactions that clearly show
first order reaction kinetic, which supports the assumption that
thermal enhancement in this case results in a different reaction
mechanism and is not contributing in the purely light-driven
experiments. Likewise, Wen et al. report that the LSPR is respon-
sible for the creation of the active oxygen species that results in
MB decomposition and could exclude a purely thermal
pathway.51 Therefore, we attribute the observed enhancement to
a non-thermal light-related effect.

Summary

We demonstrated that functionalization of surfactant-coated
gold nanoparticles with polymer-molecule ligands results in
increased catalytic activity. This enhancement is more pro-
nounced for high-Mn polymer-molecule ligands, which under
good solvency conditions form a more dilute layer covering the
gold nanoparticles. This polymeric coating also provides col-
loidal stability, enabling catalyst recovery by centrifugation and
repeated re-use. Compared with the situation where nano-
particle ligands were removed after surface deposition and
plasma treatment, the polymer-grafted system displays only
moderately reduced catalytic activity. Polymer-grafted gold
nanoparticles can therefore be applied as both highly active
and colloidally stable catalysts in solution. We demonstrated
two possibilities for accelerating/controlling reactivity via dis-
tinct mechanisms: (i) thermal activation by heating of the bulk
solution; and (ii) light-driven reaction. While our work concen-
trated on spherical CTAC/CTAB-surfactant stabilized gold
nanoparticles, it can clearly be expanded to other nanoparticle
shapes, thereby leveraging the variety of gold colloids for
specific (photo-)catalytic transformations.
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