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In Short

• Computer-guided, rational design of smart
nanocatalysis

• Molecular simulations of structure and solvation
free energies of reactants in polymer networks
(hydrogels)

• Coarse-grained Brownian dynamics simulations of
reactant transport through hydrogels

• Partial differential equations to describe the
diffusion-controlled reaction rate in smart nanore-
actors

Abstract: The catalysis by metal nanoparticles
is one of the fastest growing areas in nanoscience
due to our society’s exploding need for fuels, drugs,
and environmental remediation. However, the op-
timal control of catalytic activity and selectivity re-
mains one of the grand challenges in the 21st cen-
tury. Here, we propose to theoretically derive design
rules for the optimization of nanoparticle catalysis
by means of thermosensitive yolk-shell carrier sys-
tems. In the latter, the nanoparticle is stabilized in
solution by an encapsulating, thermosensitive hy-
drogel shell. The physicochemical properties of this
polymeric ’nanogate’ react to stimuli in the environ-
ment and thus permit the reactant transport and the
diffusion-controlled part of the catalytic reaction to
be switched and tuned, e.g., by the temperature or
the pH. The novel hybrid character of these emerg-
ing ’nanoreactors’ opens up unprecedented ways for
the control of nanocatalysis due to new designable
degrees of freedom. The complex mechanisms be-
hind stimuli-responsive nanocatalysis call for a con-
certed, interdisciplinary modelling approach. In par-
ticular, it can only be achieved by combining mul-
tiscale computer simulations of solvated polymers
with the statistical and continuum mechanics of soft
matter structures and dynamics. The key challenge
is to integrate the molecular solvation effects and our
growing knowledge of hydrogel mechanics and ther-
modynamics into advanced reaction-diffusion equa-
tions for a quantitative rate prediction. Modelling on
all scales require parallel computing for molecular dy-
namics (MD) simulations, Brownian dynamics (BD)
simulations, and the optimised solution of systems

of partial differential equations. The expected results
and design principles will help our collaborators to
synthesize tailor-made, superior nanocatalysts and
will advance our understanding of their structure-
reactivity relationship.
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Project goal: Establish rational design principles for the optimization and control of the catalytic 
activity, selectivity, and responsiveness of stimuli-responsive yolk-shell nanoreactors.  

Section a: Extended Synopsis of the scientific proposal 
The current challenges in catalysis [1] are best summarized by the pivotal conclusion of the seminal 
workshop "Opportunities for Catalysis Science in the 21st Century” [2]: "The Grand Challenge for catalysis 
science in the 21st century is to understand how to design catalyst structures to control catalytic activity and 
selectivity." Here we propose to tackle such a challenge for a well defined, newly emerging nanocatalyst:  

Metal nanoparticles are undoubtedly among the most widely studied systems in modern nanoscience [3,4]. 
Their catalytic activity is greatly enhanced over that of the bulk material due to their surface structure and 
large surface-to-volume ratio. As the free nanoparticles tend to aggregate in solution and are difficult to 
handle in applications, colloidal carrier systems have been developed that encapsulate and stabilize the 
particles. Recently, so-called 'smart' carriers, based on thermosensitive hydrogels [5], have become intense 
focus of research. Their fascinating property is that close to their lower critical solution temperature (LCST), 
their physicochemical properties react to adjacent stimuli in the solution, induced, e.g., by changes in 
temperature, pH, or ionic strength. With that novel, hybrid, responsive 'nanoreactors' are achievable in which 
the molecular transport and with that the diffusion-controlled part of the catalytic reaction in the polymeric 
container can be controlled by the environment [6-8].   
Supramolecular hydrogels can be finely architectured nowadays [9], allowing easy tuning of material 
properties, in contrast to tailoring solid metal nanoparticle surface structures [3,4]. Hence, hybrid systems 
open up unprecedented ways for nanocatalysis control due to new and better designable degrees of freedom.  
In particular, 'yolk–shell' architectures, that consist of a single nanoparticle within a thermosensitive shell, 
see Fig. 1(a), possess a superior activity that can be switched and tuned by temperature [10], cf. Fig. 1(b). 
Yolk–shell structures have the advantage over core-shell systems that the nanoparticle surface is not partially 
passivated by any attached group [6-8]. The tuneable selectivity and full diffusion-control of these hybrid 
nanoreactors was shown by us in 2012 in a joint Angewandte Chemie paper with my collaborators [10]. The 
paper is highly cited (73 citations; Google Scholar), demonstrating its significant impact to the field.  

The total catalytic reaction time is generally given by k-1
tot = k-1

surf + (ckD)-1, where the rate ksurf is related to 
the chemical surface reaction and c is the reactant bulk concentration. The value of ksurf can be measured 
[10], however, is negligible in fully diffusion-controlled reactions, where ksurf ≫ kD. For a given nanoparticle-
reactant combination, thus, the key to control the catalytic properties of a responsive nanoreactor is the 
understanding of the diffusion-controlled transport of the reactants through the polymer shell.  
In this project, I will focus on the diffusion-controlled reaction rate kD, tuned by the polymer shell.  
As a start, the steady-state diffusion rate kD for one type of (non-interacting) reactants adsorbed by a 
spherical 'sink' is given by the classical Smoluchowski–Debye solution of the diffusion equation [11,12]: 

Figure 1: (a) Illustration of a yolk-shell nanoreactor: the nanoparticle of radius Rm is encapsulated by a 
thermosensitive polymer shell with inner and outer radii Ri and R, respectively. The reactants have a 
diffusion constant D0 outside and Dg inside the shell, respectively. For penetrating the shell, the reactants 
require a free energy ΔG. (b) Experimental diffusion-controlled reaction rate kD for Au/PNIPAM yolk-
shell nanoreactors for the reduction of 4-nitrophenol (4-NP) and nitrobenzene (NB) versus the inverse 
temperature 1/T: the reaction is tuneable by T, in particular, the preferred reaction is switchable [10]. 
Also shown is the shell radius R, which exhibits a hydrophobic collapse transition at the LCST = T0 = 305 
K (1/T0=0.00328). Far from the LCST (|T-T0| > 5 K) the reaction is Arrhenius-like (ln kD ��1/T).  

Figure 1: Illustration of a yolk-shell nanoreactor: the nanoparticle
of radius Rm is encapsulated by a thermosensitive polymer shell
with inner and outer radii Ri and R, respectively. The reactants
have a diffusion constant D0 outside and Dg inside the shell,
respectively. For penetrating the shell, the reactants require a
free energy ∆G. These quantities are key to the understanding
and control of nanoreactor catalysis and will be caculated in this
project by a multiscale approach, spanning all-atom to coarse-
grained simulations and the numerical solution of systems of
reaction-diffusion equations.
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