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prevent particles from aggregation in adverse chemical environments and allow carrier flow Polymer

from reagents to nanoparticles. This work describes the use of a water-soluble conjugated o

polymer comprising a thiophene moiety as a surface ligand for gold nanoparticles to create a UAD*
hybrid system that, under the action of visible light, drives the conversion of the biorelevant
NAD" to its highly energetic reduced form NADH. A combination of advanced microscopy
techniques and numerical simulations revealed that the robust metal—polymer heterojunction,
rich in sulfonate functional groups, directs the interaction of electron-donor molecules with the
plasmonic photocatalyst. The tight binding of polymer to the gold surface precludes the need
for conventional transition-metal surface cocatalysts, which were previously shown to be :
essential for photocatalytic NAD" reduction but are known to hinder the optical properties of » 5

plasmonic nanocrystals. Moreover, computational studies indicated that the coating polymer Metal-Polymer Heterojunction
fosters a closer interaction between the sacrificial electron-donor triethanolamine and the

nanoparticles, thus enhancing the reactivity.

ABSTRACT: Plasmonic catalysis in the colloidal phase requires robust surface ligands that Conjugat<i</j//’so3-
NADH

lasmonic catalysis has become a convenient strategy for catalysis requires not only an assortment of nanoparticles with

solar fuel production in which all-metal architectures drive well-controlled morphology or crystal structure but also
chemical transformation under a wide spectral range of universal surface chemistry that enables electron transfer,
incoming light." Although the list of photocatalytic processes prevents the particles from aggregation, offers incorporation of
sustained by plasmonic nanoparticles constantly increases, the functional groups, and ensures their compatibility with eco-
mechanisms behind the process remain the subject of intense friendly solvents.
debate.”® That is, the contribution of direct photocatalysis The quest for a universal molecular shell in plasmonic
involving hot carrier generation by the relaxation of localized catalysis in the liquid phase stems from the fact that cationic
surface plasmon resonance (LSPR) has been confronted with surfactant molecules, which direct the shape during nanoparticle
thermoplasmonic effect where dissipation of plasmon energy growth, inhibit the photocatalytic activity of these nanopartéclelzf
increases the local temperature and thus the rate of a chemical through a tight interaction with the metal surface.””

Macromolecular stabilizers such as amphiphilic polymers
(PVP,">"* polydopamine'*) or short alkanethiol molecules'®
have been proposed as an inert molecular shell in plasmonic
catalysis. These molecules, however, suffer from the poor
stabilizing ability of typical anisotropic nanoparticles (rods,
cubes, and bipyramids) synthesized in the presence of cationic
surfactants. Recently, the research community took advantage of
conjugated polymers that resulted in convenient stabilizer of
metallic nanoparticles,'™" rendering hybrid systems with

reaction.”” One of the main reasons for existing discrepancies is
not only the diversity of experimental setups and data
interpretation but also the complex architecture of plasmonic
photocatalysts. In recent years, the emphasis has been put on the
design of the plasmonic core, where the size, shape, electronic
structure of surface cocatalyst, and the role of surface molecules
were assigned as prime attributes. However, the meticulous
design of nanoparticles down to the nanometer scale can be
sidelined when a photocatalytic reaction involves many particles
in both liquid phase or solid substrate, where tiny alteration of
interparticle distances—due to aggregation or sintering—shifts Received: December 31, 2021
the balance from photo- and thermo-catalysis.*® Regardless of Accepted:  March 1, 2022

the true mechanism behind plasmonic catalysis, the exper-

imental data indicate that these nanomaterials bring unprece-

dented opportunities in the development of so-called plasmonic

photosynthesis.”® Certainly, the progress in plasmonic photo-
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unprecedented properties, such as optical switches,”*~**

plasmonic pixels,”® printable inks,”® therapeutic agents,”” and
biosensors.”**’ These examples show that the rational marriage
of metal nanoparticles and conjugated polymers enables hybrid
nanostructures of properties inaccessible to the constituting
components. We hypothesized that the combination of
conjugated polymers and plasmonic nanoparticles enable the
metal—polymer heterojunction, which apart from preventing
particles aggregation, can provide selective interaction of
plasmonic core with the reagents. In fact, to date, the use of
conjugated polymers as the molecular interface in the plasmonic
catalysis has yet to be achieved.

Herein, we show that water-soluble conjugated polymers can
promote the formation of a metal—organic heterojunction on
gold nanoparticles of different shapes, including spheres, cubes,
rods, and bipyramids. The in situ spectroscopy, ex situ advanced
electron microscopy, and numerical calculations revealed that
the polymer molecules, by forming covalent bonds with the
metal surface, can form a tight nanostructured shell. In addition,
the physical properties of a metal—polymer hybrid differ from
those of their constituting building blocks as the plasmonic core
is subjected to electron doping and the excited state of polymer
shell exhibits a shorter lifetime. We used the colloidally stable
polymer-coated gold nanoparticles in the photocatalytic
regeneration of cofactor molecules, showing that the conjugated
polymers are a convenient alternative for transition-metal
surface cocatalysts (Figure 1).

Figure 1. Water-soluble conjugated polymer covering gold nano-
particles promotes selective oxidation of electron donor molecules in
the presence of light.

Ligand Exchange. We selected poly[2-(3-thienyl)-ethyloxy-4-
butylsulfonate] (PTEBS) as a model polymer for metal—organic
heterojunction. PTEBS exhibits good solubility in water at
relatively high concentrations (0.6 mg/mL) and is capable of
replacing the cationic surfactant (ie., cethyltrimethylammo-
nium bromide (CTAB)) from the surface of gold nanorods.”
To show the universal character of PTEBS as a capping agent, we
expanded the list of possible nanoparticle shapes, including
nanocubes, bipyramids, and rods (Figure S1), which were all
initially stabilized with CTAB. Upon ligand exchange, the
localized surface plasmon band blueshifted by 4, 7, and 13 nm
for the cubes, bipyramids, and nanorods, respectively (Figure
2a). Typically, the replacement of the CTAB bilayer with a
polymer leads to a redshift of the localized surface plasmon
resonance (LSPR) as a result of the increased refractive index
close to the particle surface,™ a scenario one would expect here.
Eventual chemical etching of metallic gold during ligand
exchange would suggest blueshift of the LSPR, but such an
option was ruled out because TEM analysis confirmed the
invariance of length and width (Figure 2b).

We hypothesized that the electron-donating character of the
PTEBS is responsible for the consistent blueshift of the plasmon
band upon ligand exchange. We performed time-dependent
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UV—vis—NIR characterization of the sample during ligand
exchange for different concentrations of PTEBS (Figure 2e).
Fast addition of PTEBS solution (from 0 to 0.6 mg/mL) to the
colloidal dispersion of gold nanorods caused an abrupt blueshift
of the LSPR that lasted for an extended period of time (Figure
2f). The blueshift of LSPR as a function of added polymer shows
a nonlinear relationship with the number of polymer molecules
per gold nanorod, reaching a plateau at higher polymer
concentrations. Mulvaney and co-workers have estimated that
a blueshift of LSPR by 11 nm requires an injection of ~80 000
electrons to an individual gold nanorod in an electrochemical
process.’** In our case, we observed a similar shift of LSPR for
the highest amount of polymer in solution, that is, ~70 000
PTEBS molecules per particle. Each PTEBS molecule (70 000
g/ mol) contains 245 monomers capable of donatin§ at least one
electron through a lone electron pair in sulfur.”” Therefore,
during ligand exchange, nanoparticles are exposed to an
electron-rich environment where the electron transfer to
metallic gold is favored by the formation of Au—S covalent
bonds and the interaction of conjugated thiophene electrons
with Au d-orbitals.”* The electron transfer can continue even
after the formation of a compact polymeric shell, especially if
there is an excess of free polymer in solution (~16 molecules per
nm? of metallic gold) and assuming a conductive character of the
polymer shell.”® The reversal of {-potential values before and
after the ligand exchange additionally confirmed the presence of
polymer on the surface of gold nanoparticles (Figure 2c). Upon
the functionalization of gold nanoparticles with PTEBS, the
lifetime of excited states of the polymer decreased from 1.1 to
0.55 ns, suggesting fluorescence quenching via energy transfer’”
(Figure 3d). Overall, the formation of a polymer—metal
heterojunction mutually alters the properties of the plasmonic
core and polymer shell.

Structure of Polymer—Metal Heterojunction. To visualize the
crystal structure of the nanocrystal and the polymer on its
surface, a focal series of high-resolution TEM images were
acquired followed by an exit wave reconstruction in order to
retrieve the phase image.’® The obtained phase images showed
that polymer chains form a ~2 nm thick shell (Figure 3a),
corroborating previous results by Kraus and co-workers.”®
Interestingly, the anchoring of PTEBS to anisotropic nanocryst-
als leads to a fairly homogeneous coating, regardless of the local
curvature of the surface. Such a scenario is not within the reach
of thiol-terminated polymers of a similar molecular weight,
which form radially distributed brushes preferentially at the tips,
favoring formation of patches and often compromising the
colloidal stability of the nanoparticles.”” X-ray photoemission
spectroscopy (XPS) further confirmed that the metal—polymer
interface is maintained through the Au—S—C (S 2p, 160 eV)
from thiophene moiety and Au—O bonds (O 1s, 529 V) from
sulfonate terminal groups (Figure 3b,d). The formation of z7—7x
interactions between the thiophene rings (C 1s, 290.5 eV in
Figure 3c) suggests that the polymer can form or%anized
structures in either face-on or edge-on fashion.”™*® Tt is
reasonable to assume, however, that in the liquid phase, the
hydrated polymer extends toward the bulk solution, resulting in
a less compact structure. The hydrodynamic diameter of
spherical nanoparticles increased by ~10 nm after displacing
native ligands with PTEBS as confirmed by dynamic light
scattering analysis (Figure S2).

To obtain a qualitative view of the polymer—gold interaction,
we performed DFT calculations on model systems for both gold
nanoparticles and PTEBS (see the Supporting Information,
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Figure 2. Ligand exchange. (a) UV—vis—NIR spectra of initial and polymer-stabilized gold nanoparticles. (b) Size distribution of widths and lengths of
gold nanorods before and after ligand exchange. (c) Reversal of {-potential during ligand exchange. (d) Fluorescence decay of free PTEBS and
AuPTEBS. (e) Time-dependent change of the maximum of LSPR during ligand exchange for different PTEBS concentrations, showing blueshift of
LSPR with increasing PTEBS concentration. (e) Position of the maximum of LSPR versus the number of PTEBS molecules per gold nanorod.

section 5.1). Concretely, gold nanoparticles were modeled using
a Aug, cluster and PTEBS structures using smaller constituents,
such as methyl-tiophene dimers both in cis and trans
conformations, methyl sulfonate groups, and complete TEBS
dimers in either cis or trans conformation (a detailed description
of the models is available in the Supporting Information, section
5.2). The calculations confirmed that the polymer interacts with
gold via sulfur atoms of thiophene rings and oxygen atoms of the
sulfonate group (Figure 3e, Table 1), suggesting that
cooperative interactions ensure a homogeneous coverage of
the gold nanoparticle.

The interaction enthalpies between a gold nanocluster and
tiophene dimers fall within the range of 33—34 kcal/mol, while
the interaction with the sulfonate group is 20 kcal/mol (Table
1), suggesting that gold interacts more strongly with the
tiophene sulfur atom. Nevertheless, the Au—S interatomic
distances impose that only one of the sulfur atoms interacts with
the nanocluster, thus conserving the ring coplanarity and the 7
delocalization (the values of the dihedral angle are close to 0 or
180°).

Regarding the gold—TEBS dimer interaction, one would
expect the interaction energy values of the PTEBS dimers to
approach —73 kcal/mol, the sum of the interaction energies of
the constituents. The obtained values, however, are —83 and
—63 kcal/mol for the trans and cis conformers, respectively,
because of destabilization of the cis dimer during interaction
with gold. Indeed, the C—S—S—C dihedral angle (related to the
planarity between tiophene rings) in the cis conformation is
enlarged from 2.5 to 17.8°, indicating the breaking of the &
delocalization over the rings. This is not the case in the trans
conformation, which conserves the ring planarity even in the
PTEBS dimer model. These results indicate that not all sulfur
atoms are capable of binding at the same time to the gold surface,
corroborating the information obtained from HRTEM imaging.
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Additionally, the most stable polymeric structure was
determined using PW-DFT along with periodic boundary
conditions (section 5.2 in the Supporting Information). In line
with the cluster-fragment model, the polymer trans conforma-
tion is thermodynamically more stable than the cis conforma-
tion. Both periodic and cluster models show the presence of 7—7
interactions between thiophene groups in the polymer, which is
calculated to be around $ kcal/mol.

Overall, the trans conformation is favored in the isolated
polymer and at the interface with gold, favoring both the
tiophene—gold interaction and the sulfonate—gold interaction.
The DFT calculations point to the possible 7—x interaction
between thiophene groups in polymer, as is observed in the most
stable polymer structure calculated with periodic boundary
conditions (see the Supporting Information, section 5.1). We
expect that this interface interaction would favor the formation
of sulfonate—sulfonate and 7—x interactions between polymeric
chains similar to the isolated polymer, which would lead to the
strong stabilization of the metal—polymer heterojunction, as
observed experimentally.

Photocatalytic Properties. The photocatalytic activity of
AuPTEBS was tested in the light-assisted photoreduction of
NAD* to NADH using triethanolamine (TEAOH) as an
electron donor. The nonenzymatic photoreduction of NADH
is a long-lasting target in photobiocatalysis because it would
open up the possibilities for efficient recycling of cofactor
molecules in enzymatic cascade reactions of technological
relevance and thus lower the cost of a given process.”” "' We
have previously shown that in semiconductor-based photo-
catalysis, in the presence of oxygen, TEAOH molecules undergo
photodegradation via the aminyl radical producing glycolalde-
hyde which in turn reduces NAD* to NADH."* We postulate
that PTEBS as a molecular interface can enhance the process by

https://doi.org/10.1021/acs.jpclett.1c04242
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Figure 3. Metal—polymer heterojunction. (a) Phase image by exit wave reconstruction of individual nanorods coated with PTEBS showing both the
monocrystalline structure of the nanoparticle and the polymer shell. (b—d) XPS analysis of AuPTEBS showing the interaction of polymer with gold
through covalent bond Au—S—C in panel b and the formation of 7—z stacks in polymer chains (c). (e) Calculated structure of gold cluster (34 atoms)
and TEBS dimers in cis and trans conformation showing that sulfur (thiophene) and oxygen (sulfonate) are the primary anchoring points to metallic

gold.

Table 1. Calculated Interaction Enthalpies for Gold (Au,, Cluster) and Polymer Parts, Such as Tiophene Dimers in Cis and Trans
Conformations, Sulfonate Chain Models and Full Dimer of PTEBS in Cis and Trans Conformations”

Au

Au-tiophene (cis)

Au-tiophene (trans)

Au-sulfonate

Au-dimer (cis)

Au-dimer (trans)

AH r(Au=S,)
—33.04 2.66; 3.57
—3425 2.72; 328
—-19.68
—63.84 2.61; 4.39
—83.74 2.79; 3.41

r(Au=S,) a (C—S—Au) ¢ (C—S-S—C)
95.6; 97.4 -2.56
90.4; 98.4 174.4

3.34

3.63 (4.57) 94.1; 52.0 17.84

4.32 (3.63) 95.5; 89.9 -173.3

“In addition, distances between gold and sulfur atoms (both from tiophene, S, and sulfonate group, S,) are given in A, along with C—S—Au bond
angle, and the dihedral angle between tiophene rings, in degrees.

favoring the selective interaction of TEAOH with the photo-

catalyst.

We performed photocatalytic reduction of NAD" to NADH
at the steady-state temperature profiles ranging from 20 to 55 °C

for dark and light reaction (power density = 200 mW/cm?;
spectral range = 450—1200 nm) (Figure 4a). The reactor was
thermostated, and the temperature of the mixture was
monitored in real-time during the light and dark processes

2267 https://doi.org/10.1021/acs jpclett.1c04242
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Figure 4. Photocatalytic regeneration of cofactor molecules on
AuPTEBS. (a) Scheme of the reactor comprising real-time analytics:
temperature and spectroscopy. (b) Steady-state temperature profile
under light (colored) and dark (gray) conditions. (c) Time-dependent
evolution of NADH at temperatures ranging from 20 to 5SS °C under
light (colored) and dark (gray) conditions. (d) Arrhenius analysis of the
process. (e) Regeneration of NADH as a function of power density. (f)
Effect of surface ligand on NADH regeneration. (g) Cyclic regeneration
of NADH.

(Figure 4b). In the dark, although we observed the evolution of
the characteristic band at 340 nm indicating NADH
regeneration after 2 h, the rate was temperature-independent
(Figures 4c and S3). The gray lines in Figure 4c adopted the
same slope, suggesting that in the presence of AuPTEBS the
thermal regeneration of NADH remains inhibited. Under light
conditions, the scenario changed drastically: the regeneration of
NADH increased by 8 times as compared to dark conditions.
The higher the temperature, the higher the rate of NADH
regeneration, giving an activation energy E, = 61 kJ/mol (Figure
4d). Interestingly, we observed that above S0 °C, the initially
high regeneration rate of NADH was lowered at the later stage of
the reaction (60 min). We hypothesized that such a drop in the
regeneration is due to the partial oxidation or degradation of
reduced NADH. To evaluate the hypothesis we monitored both
the change of absorbance at 340 nm and the position of the
maximum of LSPR in the mixture containing NADH and
AuPTEBS and at temperatures ranging from 30 to 60 °C (Figure
S4). We found that with increasing temperature, the absorbance
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at 340 nm decreases and LSPR blueshifts, indicating the
oxidation of the NADH to NAD" at elevated temperatures. The
evolution of reduced NADH as a function of incident light
power density adopted a linear relationship (Figures 4e and S5),
indicating photocatalytic transformation of compounds, because
an exponential increase would suggest an Arrhenius-type
relationship and thus the involvement of a thermoplasmonic
effect.”

To show the advantage of using a conjugated molecular shell
we compared the photocatalytic performance of gold nanorods
coated with other nonconjugated molecular systems. We
selected a polymer comprising sulfonate groups, namely,
polystyrenesulfonate (PSS) and alkanethiol 11-mercapto-1-
undecanesulfonate (MUS) that comprise both thiol and
sulfonate functional groups. We observed that the system
comprising conjugated polymer outperforms PSS and MUS
(Figures 4f and S6), confirming that the conjugated molecular
shell in metal—polymer heterojunction allows for efficient
electron transfer in redox reactions. Also, a large number of
anchoring points in PTEBS polymer ensures the structural
integrity of hybrid systems, as confirmed by NADH photo-
regeneration in five consecutive cycles (Figures 4g and S7). A
drop in performance with each cycle was due to the losses of
nanoparticles in each centrifugation step. Finally, in a control
experiment we showed that PTEBS polymer is unable to
catalyze regeneration of cofactor molecules (Figure S8). Overall,
these results show that metal—polymer heterojunction makes
possible the exclusion of any transition metal (platinum or
palladium) playing a role of surface cocatalyst.""*>**

Although the results above indicate a nonthermal mechanism,
we cannot neglect the temperature increase close to the
particles’ surface under light conditions that is due to the
photothermal heating by a large number of particles. Baffou has
demonstrated that under continuous irradiation, the temper-
ature from a nanoparticle heat source decays as 1/r, with r being
the radial coordinate.’ Thus, for small interparticle distances
(from hundreds of nanometers to several micrometers), the
collective heating tends to homogenize the temperature on the
macroscopic level. The overall increase of temperature (5T) is
then the sum of local heating of single particles (§T*) and
collective heating from neighbor particles (6T°). Equation 1
has been proposed to distinguish the contribution of both
regimes,® which takes into account geometrical parameters of a
multiparticle system returning a unit-less coefficient:

g =— P
"GN D/m (1)
where p is the average interparticle distance, a the equivalent
diameter of a nanoparticle, N the total number of nanoparticles
in solution, and m the dimensionality coefficient (for a colloidal
solution m = 3). The collective heat generation becomes
dominant when ¢, < 1. In our system, a = 32 nm? N = 3 X 10"},
and p =2 ym, giving {3 & 2 X 107C. Thus, because {,, < 1, the
collective heating under steady-state radiation can accelerate the
oxidation of TEAOH to glycolaldehyde close to the particles
surface followed by NADH regeneration at larger distances.
However, to monitor the local temperature change, it is
necessary to use sophisticated methods such as, for instance,
fluorescent thermometry combined with DNA technology.*®
Note that in our hybrid system, emission from the polymer shell
makes possible measurements of the lifetime of excited states
(Figure 2d) which in principle is sensitive to the local
temperature. Therefore, we postulate that the present system
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Figure S. Polymer—reagent interaction. (a and b) Absorbance and emission spectra of (a) PTEBS-TEAOH and (b) PTEBS-NAD* with increasing
concentration of both reagents. The PTEBS emission spectra redshift and gain intensity in the presence of TEAOH. The spectra remain unchanged in
the presence of NAD" (insets). (c) Calculated stable structure of TEBS dimer and TEAOH showing preferential interaction of TEAOH with sulfonate
groups. (d) Calculated structure of PTEBS with visible structuring of thiophene and sulfonate regions.

makes it possible to monitor the change of temperature in situ
during a photocatalytic process.

Our reaction model states that TEAOH molecules undergo
catalytic degradation to glycolaldehyde that in turn reduces the
cofactor molecules out of nanoparticles surface.”* Such a model
requires a preferential interaction of an amine (sacrificial
electron donor) with gold than interaction of a cofactor with
polymer-coated nanoparticles. To evaluate such a scenario we
measured emission spectra of pure polymer mixed with either
TEAOH or NAD®. With increasing the concentration of
TEAOH (from 0 to 0.25 M) the emission of PTEBS (0.1 mg/
mL) increased, accompanied by a 12 nm redshift (Figure Sa),
suggesting that TEAOH molecules alter the relaxation of excited
state of the polymer that is due to the formation of a PTEBS-
TEAOH complex. By contrast, the emission of PTEBS remains
unchanged when the polymer mixture is exposed to the
increasing concentration of NAD* (0—1 mM) (Figure Sb),
indicating no interaction between cofactor and polymer, and
being quite the opposite for methyl viologen that quenches the
emission of oligothiophenes.” The DFT calculations addition-
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ally revealed that TEAOH molecules interact with PTEBS
preferentially through the sulfonate group (—27.34 kcal/mol,
hydrogen bonding) rather than through the thiophene moiety
(Figure Sc). Therefore, in liquid phase the polymer anchored to
the gold surface can undergo nanostructuring to form
hydrophilic (sulfonate-rich) and hydrophobic (thiophene-
rich) regions (Figure Sd), where sulfonate groups can play a
role of buffer in bringing the ternary amine close to the metallic
surface to form a Au—N covalent bond (—36.53 kcal/mol).
[Note that TEAOH is able to stabilize gold nanorods (Figure
S9), but the nanoparticles aggregate when subjected to
photocatalytic mixture.] Therefore, the amphiphilic nature of
PTEBS has a beneficial role in terms of colloidal stabilization and
catalysis: (i) hydrophobic thiophene moieties strongly bind to
the surface of nanoparticles replacing CTAB and preventing
aggregation and (ii) hydrophilic sulfonate groups bear negative
charges to the surface, as indicated by the reversed value of {-
potential after ligand exchange, which is likely to improve the
docking of triethanolamine on Au and subsequent oxidation to
glycolaldehyde. Under light conditions, the decay of surface
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plasmon resonance to polymer can favor sequential extraction of
two electrons from amine to finally liberate glycolaldehyde,
which in turn leads to the regeneration of cofactor molecules.
In summary, the rational combination of polymer and
plasmonic particles leads to a hybrid structure in which both
components are mutually affected: gold nanocrystals experience
strong electron doping, while the polymer particles exhibit faster
radiative recombination. For the sake of generality, we showed
that polymer can stabilize gold nanoparticles of different shapes
that have a cationic surfactant as the native ligand. Detailed
structural analysis revealed that the polymer molecules form a
homogeneous shell on the surface of gold nanorods and that the
structuring of the polymer on the nanoparticles surface is an
important ingredient in the design of photocatalytic systems,
favoring efficient oxidation of sacrificial molecules. As a proof of
concept, we showed that conjugated polymers could successfully
replace noble metal cocatalysts in the regeneration of the
ubiquitous cofactor NADH. In particular, hydrophilic moieties
of polythiophene favor the interaction between the plasmonic
nanoparticles and the widely used electron donor triethanol-
amine. The observed enhanced electron transfer in the metal—
polymer heterojunction opens new possibilities in plasmon-
assisted reductive catalysis. Bearing in mind the vast diversity of
available conjugated polymers, diversity of plasmonic nano-
particles, and facile replacement of native ligands with PTEBS,
we foresee that the rational design of metal—polymer
heterojunctions presents a new toolbox in plasmonic catalysis
without the use of a transition-metal surface cocatalyst. For
example, the combination of water-soluble poly(3,4-ethyl-
enedioxythiophene) (PEDOT)* with plasmonic nanoparticles
is an attractive strategy for constructing p—n junction
architectures down to the level of a few nanoparticles. Therefore,
metal—polymer heterojunctions containing a plasmonic core
and a water-soluble conjugated polymer shell are strong
candidates for a photocatalytic system in the liquid phase.
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