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Abstract: Here we report on a simple, generally applicable
method for depositing metal nanoparticles on a wide variety of
solid surfaces under all aqueous conditions. Noble-metal
nanoparticles obtained by citrate reduction followed by coating
with thermoresponsive polymers spontaneously form a mono-
layer-like structure on a wide variety of substrates in presence
of sodium chloride whereas this phenomenon does not occur in
salt-free medium. Interestingly, this phenomenon occurs below
the cloud point temperature of the polymers and we hypothe-
size that salt ion-induced screening of electrostatic charges on
the nanoparticle surface entropically favors hydrophobic
association between the polymer-coated nanoparticles and
a hydrophobic substrate.

N anoparticles and nanostructured films have attracted
major interest for a wide variety of applications, including
for example biotechnology,'™ medicine,” photonics,>™
microelectronics,”! and catalysis.'” In contrast to bulk
materials, for which the physicochemical properties are size-
independent, many nanoparticle properties strongly depend
on particle size and shape.''”l Combining bulk materials with
a thin coating of a specific nanomaterial therefore allows to
engineer the bulk material with unique high added-value
properties through the coating.'” The currently available
toolbox for surface modification of solid materials comprises
solvent casting," chemical vapor deposition!"” and a wide
variety of self-assembly approaches such as Langmuir—
Blodgett,'! layer-by-layer self-assembly,’?l and self-assem-
bled monolayer formation.”??! In recent years, nature-
inspired compounds such as polyphenols and mussel-derived
polydopamine that spontaneously deposit on solid substrates
have fueled the interest for simple and straightforward
surface coating techniques under all aqueous conditions.”*?’]
Whereas these methods provide access to all-organic films,
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there remains an unmet need for simple assembly methods for
inorganic nanoparticle coatings under aqueous conditions.

Here we report on a simple, broadly applicable method
for depositing metal-nanoparticle films on a wide variety of
solid surfaces under all aqueous conditions. Our approach is
demonstrated for gold (Au™*) and silver (Ag"?) nanoparticles
and allows for extremely easy engineering of bulk materials
with plasmonic and catalytic functionality.

AU were synthesized by direct reduction of HAuCl, in
aqueous medium in presence of sodium citrate, which acts
both as reducing and stabilizing agent.””-*! Subsequently, the
nanoparticles were coated by ligand exchange with defined
trithiocarbonate end-functionalized poly(N-isopropylacryla-
mide) (polyNIPAm; PN-3, Table S1 in the Supporting Infor-
mation; M,: 4.9 kDa, D: 1.08; Figure 1 A), yielding polyNI-
PAM@Au™"?! PolyNIPAm is a thermoresponsive polymer
that undergoes an entropy driven coil-to-globule transition
upon heating in aqueous solution with a cloud point temper-
ature (T,) around 32°C. Synthesis of this polymer by RAFT
(reversible addition-fragmentation chain transfer) polymer-
ization®™ provides direct access to polymers with sulfur-
containing end-groups that can form a quasi-covalent bond
with metallic gold and silver.*Vl Earlier we reported that in
water citrate-stabilized polyNIPMAm@Au™* only exhibit
reversible temperature-triggered aggregation in presence of
NaCl.”’! This behavior was attributed to interparticle electro-
static repulsion by remaining citrate ions on the Au™* surface
that is then alleviated upon charge-screening by salt counter
ions. Physicochemical properties of the polyNIPAm@Au™"
are listed in Table S2 in the Supporting Information and the
presence of the polymer coating was also evidenced by TEM
(Figure 1B).

We observed that irrespective of the temperature of the
aqueous medium, addition of sodium chloride (NaCl) to an
aqueous polyNIPAm@Au™" solution, triggered the deposition
of a colored film on the walls of the recipient. Moreover, we
also observed that solid substrates that were immersed into
solutions that contained 0.1mM NaCl and polyNIPAm@Au™"
also became stained. Figure 1 C shows photographs of plastic
cuvettes as well as polymethylmethacrylate (PMMA) and
glass slides that were coated in this way. Interestingly, control
experiments with polyNIPAm@Au™" in absence of salt- or
citrate-stabilized Au™" in presence or absence salt do not lead
to nanoparticle deposition which clearly indicates the impor-
tance of both the thermoresponsive polymer coating as well as
the presence of salt (Figure 1 C). Importantly, these deposited
polyNIPAm@Au™" films remain fully stable upon repeated
washing with water and organic solvents, demonstrating that
robust stable nanoparticle coatings are obtained that can be
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Figure 1. Characterization of polyNIPAm@Au"" and deposited polyNI-
PAM@AU™? films. A) Molecular structure of polyNIPAm synthesized
by RAFT polymerization. B) TEM image of polyNIPAm@Au™*. Scale
bar represents 10 nm. C) Photographs of plastic cuvettes, polymethyl-
methacrylate and glass slides immersed in a polyNIPAm@Au™® solu-
tion in the presence (left) or absence (right) of 0.1 m NaCl followed by
extensive washing with deionized water. D) AFM images of polyNIPA-
m@Au™® deposited on silicon wafers.

used for further applications. Atomic force microscopy
(AFM) analysis revealed that the deposited film is composed
of densely packed polyNIPAm@Au™" that appear to form
quasi monolayer-like structure (Figure 1D). Scanning elec-
tron microscopy (SEM) imaging further indicates the coating
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to consist of a single nanoparticle layer (Figure S2) at an
average nanoparticle density of 4700+ 180 (n=2) nano-
particles per um?® Besides Au™, also Ag"* synthesized by
sodium citrate reduction of AgNO; followed by partial ligand
exchange with polyNIPAm, exhibited similar monolayer-
forming properties (Figures S1 and S3). Such polyNIPA-
m@Ag"" coatings could find applications for engineering
anti-microbial properties onto a wide variety of substrates,
including surgical rubber gloves (see panel b3 in Figure S3).

To investigate whether our findings are unique for
polyNIPAm-based systems, we also coated Au™* with other
polar polymers that exhibit temperature-responsive behavior
(i.e. poly(methoxydiethyleneglycol acrylate) (polyDEGA,;
T,,~25°C) and poly(n-propyl-2-oxazoline) (poly"PropOx;
T.,~25°C);"* Figure S4; note that both polymers exhibit
hysteresis in turbidimetry measurements; Figure S5) and
polar polymers that are fully water-soluble over a broad
temperature range (i.e. poly(N-vinylpyrrolidone); polyNVP).
Interestingly, only the temperature-responsive polymers pol-
yDEGA and poly"PropOx yielded, in presence of 0.1m NaCl
salt, nanoparticle film coatings, whereas in absence of salt no
nanoparticle deposition was observed. In case of poly-
NVP@AU™, no nanoparticle deposition is observed both in
presence or absence of salt, independent of temperature
(Figure S4). The unsuccessful deposition of polyNVP@AuNP
hints to a hydrophobic driving force for the deposition process
as the thermoresponsive polymers have more hydrophobic
character. Note that simple casting of polyNIPAm@Au™"
from organic solution (i.e. tetrahydrofuran, THF) and sub-
sequent drying and polyNIPAm@Au™" (Figure S6) yields
films with a lower coverage and uniformity than films
deposited from aqueous NaCl solution. Moreover, whereas
deposition by casting and drying from organic solution is
possible onto planar substrates, it is not the case for more
complex substrates that can easily be coated by spontaneous
deposition from aqueous salt solution.

To gain further insights into the driving forces for this salt-
induced NP deposition process, we investigated the param-
eters that play a role in polyNIPAm@Au™" adsorption
process. Plastic cuvettes were immersed into solutions of
polyNIPAm coated Au™" containing 0.1m NaCl and the effect
on the nanoparticle deposition process of Au™* concentration,
deposition time, molecular weight of the polyNIPAm and
deposition temperature was studied by UV/Vis spectropho-
tometry. Because of the surface plasmon resonance (SPR)
band of the Au™*! UV/Vis spectroscopy is well-suited to
measure deposition of the nanoparticles as the absorption
intensity provides a measure for the amount of deposition
while the maximum absorption wavelength provides infor-
mation on the proximity of the respective Au™.*! Upon
deposition of the polyNIPAm@Au™* on the surface of the
cuvettes, a shift in the absorption maximum of the SPR band
from 526 nm to 584 nm is observed (Figure S7) indicating that
the Au™" are found in a more closely aggregated state (i.e.
proximity effect) on the cuvette surface, which attributes to
the hypothesis that hydrophobic interactions are the driving
force for nanoparticle deposition.

As shown in Figure 2 A, nanoparticle deposition increases,
as function of the nanoparticle concentration until a plateau is
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Figure 2. Influence of parameters on polyNIPAm@Au™’ deposition. Influence of the A) concentration of polyNIPAm@Au"*, B) deposition time,
C) number average molecular weight (M,) of polyNIPAm, D) deposition temperature, E) salt type and concentration, and F) substrate properties
on nanoparticle deposition (red data points) and the plasmon peak (I™*; blue data points in panels A-C) of the deposited nanoparticle film,
measured by UV/Vis spectrophorometry. (*: p <0.05) All experiments were run in triplicate. Data shown in panels (A-E) were recorded on plastic
cuvettes, the data shown in panel (F) was recorded on quartz slides. G) Photographs of quartz slides: (G1) untreated, (G2) treated with piranha
and polyNIPAm@Au™?, (G3) treated with piranha, chlorotrimethylsilane (CTMS) and polyNIPAm@Au™’. Unless specifically noted in the
respective panels, the conditions for nanoparticle deposition were: polyNIPAM@Au™® concentration of 0.1 mgmL™", 1 h deposition time,

polyNIPAm Mn of 4.9 kDa, 0.1 M NaCl, 20°C deposition temperature.

reached at a concentration of 0.1 mgmL ' and upwards. A
similar trend is observed for the influence of the deposition
time (at a fixed nanoparticle concentration of 0.1 mgmL™"),
where the amount of adsorbed material increases as function
of incubation time until a plateau is reached at 30 min of
incubation (Figure 2 B). In both cases the plateau has a very
similar absorption value of 0.5, which in combination with the
smooth surfaces that were observed with AFM and SEM
further supports that a monolayer of polyNIPAm@Au"" is
deposited. The similar trend observed for the plasmon peak of
the deposited film in Figure 2 A,B, suggests that increased
nanoparticle deposition is accompanied with the nanoparti-
cles being more densely packed. The molecular weight of the
polyNIPAm negatively influences the amount of deposited
material with a higher molecular weight leading to less
adsorbed nanoparticles (Figure 2C). This is again in agree-
ment with the formation of a monolayer of nanoparticles as
the larger polymer coatings will decrease the maximum
number of deposited nanoparticles per monolayer and is
confirmed by the decrease in plasmon peak of the nano-
particle film that can be attributed to the lower packing
density of the nanoparticle film. Note that very short
polyNIPAm chains (e.g. 1.8 kDa—Figure S8) are incapable
of conferring colloidal stability to the polyNIPAm@goldNP in
0.1m aqueous NaCl solution. When varying the deposition
temperature (Figure 2D), nanoparticle deposition does not
significantly alters below the T, of the polyNIPAm, but
strongly decreases above the T, The latter can be attributed
to macroscopic precipitation of the polyNIPAm@Au™* in 0.1m
NaCl at a temperature above the T, of polyNIPAm as
previously reported.” The NaCl concentration was found to
increase nanoparticle deposition up to a maximum value of
0.1m whereas higher salt concentrations prevent nanoparticle
deposition (Figure 2 E). The latter is again due to macroscopic
precipitation of polyNIPAm@Au™* from solution at higher
salt concentrations. When changing the type of salt from the
kosmotropic NaCl to the chaotropic sodium thiocyanate
(NaSCN)), a slight decrease in nanoparticle deposition occurs
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up to a salt concentration of 0.1 M. Interestingly, whereas the
kosmotrope NaCl induces nanoparticle aggregation in solu-
tion above the T, of the polymer coating, preventing
nanoparticle deposition, the chaotrope NaSCN alleviates
the temperature-induced aggregation of the nanoparticles,
suggesting that its salting in effect renders the polymer
coating less hydrophobic. This lower nanoparticle hydro-
phobicity could explain the slightly lower extent of nano-
particle deposition in presence of NaSCN relative to NaCl.
Importantly, both salts induce nanoparticle deposition indi-
cating that the deposition is not driven by the salting in or
salting out of the polymer chains. Also note that these salts
barely affect the T, values of polyNIPAm (Figure S9). As
such, the deposition process must be related to the charge
screening effect, that is, suppression of the electrostatic
colloidal stabilization. To investigate the influence of the
substrate hydrophobicity we used quartz slides instead of
plastic cuvettes. The quartz slides were treated with piranha
solution to render them more hydrophilic or treated with
piranha plus chlorotrimethylsilane (CTMS) to render them
more hydrophobic. As depicted in Figure 2F,G, the nano-
particle deposition is not only more efficient on more
hydrophobic surfaces, but also a pronounced blue shift of
the SPR band is observed. The latter indicates that CTMS
treated quartz slides provide a more hydrophobic environ-
ment to the nanoparticles, which favors them to assemble in
closer proximity to each other.

Based on these findings, we postulate a hypothesis for the
spontaneous deposition of the polymer-coated nanoparticles
in presence of salt. The polyNIPAm@Au™* have colloidal
stability due to both steric repulsion caused by the polymer
chains and electrostatic repulsion. When both are suppressed
by heating above the T, of the polymer and addition of salt,
nanoparticle agglomeration occurs in solution. However,
below T, in presence of salt the surface charges are screened
while the steric stabilization remains, suppressing interparti-
cle interactions. The polyNIPAm@Au™" in presence of salt
are, thus, stabilized by polyNIPAm-water interactions that
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Figure 3. Proposed mechanism for salt-induced deposition of polymer@Au™* on solid surfaces. A) At low ionic strength, polyNIPAm@Au™®
remain stable in solution, owing to electrostatic repulsion between the nanoparticles residing from residual citrate anions on the metal
nanoparticle surface. At higher ionic strength, the repulsive electrostatic charges are screened and the polymer chains are partially dehydrated
because of the salting out effect. This increase in hydrophobicity causes an irreversible adsorption to a more hydrophobic surface. B) Multiple
monomeric repeating units per polymer chain and multiple polymer chains per nanoparticle adsorb to the underlying hydrophobic surface
accompanied by further polymer dehydration, thereby attributing to the irreversible nature of the nanoparticle deposition.
NH, quently, these beads were packed into a column and
- percolated with a solution of 4-nitrophenol. Metallic gold is
— able to catalyse the conversion of 4-nitrophenol to 4-amino-
NaBH, phenol in presence of sodium borohydride (NaBH,) (Fig-
OH ure 4B), which can be monitored spectrophotometrically by
a decrease of the absorption at 400 nm (Figure 4 C). Samples
were collected after different residence time in the column
and the conversion is plotted as function of time (Figure 4 D).
These data show that, when adsorbed onto the bead surface,
T [ —— the Au™ are still capable of catalyzing a chemical reaction.
i N g 0o RO nnoEes Control experiments with bare, uncoated, plastic beads did
not show any conversion of 4-nitrophenol in presence of
Figure 4. Catalytic activity of the polyNIPAm@Au™’ coating. A) Photo- NaBH,.
graph of poly(ethylene-co-vinylacetate) beads before (left) and after
(right) coating with polyNIPAm@Au". B) Reaction Scheme for the I.n summary, V.VG have demonstrated th'at metal nano-
conversion of 4-nitrophenol to 4-aminophenol. C) Change in UV/Vis particles coated with a temperature-responsive polymer can
spectrum of the reaction solution catalyzed by polyNIPAm@Au"? undergo salt-induced adsorption onto solid substrates. We
coated beads. D) Conversion of 4-nitrophenol to 4-aminophenol as attribute this behaviour mainly to hydrophobic interaction
function of time, monitored by UV/Vis absorbance at 400 nm. Experi- between the metal surface and the substrate, which is
ments were run in triplicate. facilitated by screening residual charges on the metal nano-
particle surface by addition of salt ions. Furthermore, we
compete with polymer-polymer interactions. In presence of  provide a proof-of-concept that this method allows engineer-
a hydrophobic substrate, the hydrophobic polyNIPAm-sur- ing surfaces with specific functionalities attributed to the
face interactions come into play and these hydrophobic  presence of the adsorbed nanoparticles. We foresee this
interactions in combination with the entropic gain of releasing  approach to be broader applicable to different kinds of
the hydrating water-molecules is postulated to be the driven  inorganic or organic nanoparticles, with specific functions.
force for the polyNIPAm@Au™ deposition process.”™ This ~ Moreover, our approach is not limited to planar substrates
process is irreversible because multiple monomeric repeating  only, but is capable of coating substrates with a complex
units per polymer chain and multiple polymer chains adsorb  morphology as demonstrated by coating of a rubber glove and
on the surface'” in combination with polymer dehydration as  poly(ethylene-co-vinylacetate) beads.
schematically illustrated in Figure 3B. This proposed mech-
anism is in good agreement with our experimental observa-
tions that the more hydrophilic polyNVP@Au™* do not show Experimental Section
deposition and that deposition of polyNIPAm@Au™* is more  Experimental details and additional experimental data can be found
efficient on more hydrophobic surfaces. the Supporting Information section.
Besides engineering a surface with plasmonic properties
owing to the plasmon peak of the Au™", we aimed as a proof-
of-concept at elucidating whether the adsorbed Au™* coating Acknowledgements
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