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1. Scientific Question 
Nanoparticulate metal oxides are widely used in the fields such as medicine, 
cosmetics and textile, such as ZnO, TiO2 and Al2O3. Among these, ZnO is the most 
toxic one, which could generate reactive oxygen species, creations of protein corona 
encapsulating the nanoparticles and lead to protein unfolding and loss of enzymatic 
activity [1]. Therefore, understanding the dissolution of ZnO becomes crucial for the 
stability control of oxide nanoparticles and the environmental safety/biotoxicity issue.  
 
Although the dissolution process of ZnO can be written as one overall reaction, the 
underlying elementary processes are much more complicated because of the acid-
base chemistry, adsorption of counterions and solvent reorganization happening at 
surface simultaneously, not to mention various surface defects.  
 

ZnO(s) + H2O !" Zn2+ (aq) + 2OH- 
 
Because establishing the structure-toxicity relation involves extensive data sampling 
from simulations at multiple spatial and temporal scales and posterior data analysis 
with experimental inputs, machine-learning techniques will be exploited at various 
stages in this PhD project. The candidate will acquire interdisciplinary trainings in 
physics, chemistry and informatics from this project. 
 
2. Project Development 
 
At the atomistic level, we will develop neural-network (NN) based reactive force fields 
for modeling charged oxides nanoparticles in electrolytic solution. This approach has 
the ability to provide quantum mechanical accuracy without explicit considering 
electron [2], thanks to the flexibility of the multi-layer NN [3]. The challenge at this 
stage is to reformulate the NN based reactive force fields to include dielectrics [4]. 
We will build on the open-source NN codes (e.g. 
http://github.com/jparkhill/TensorMol) to implement our new ideas. The developed of 
NN based reactive force field will then be used to compute rate constants of 
elementary reactions in the dissolution process of nanoparticles.   
 
At the mesoscopic level, we will carry out free energy calculations based on NN 
reactive force fields. The free energy calculation is a set of techniques to reduce the 
dimensionality of the atomistic system to a few reaction coordinates and to extract 
the kinetic information of corresponding key chemical reactions. We will explore 
recently developed machine-learning based technique such as sketch-map [5] and 
our expertise on meta-dynamics based free energy simulations [6]. This development 
will be realized using the open-source enhanced sampling codes (e.g. 
www.plumed.org). The kinetic information of these elementary reactions will then be 
used as inputs for the kinetic Monte-Carlo (KMC) modeling. 
 
Once the model consistency is checked through the multi-scale ladder, we will use 
open-source machine-learning toolkit (e.g. www.scikit-learn.org) to explore the 
correlation between various descriptors in our multi-scale model (e.g. band gap, 
ionization potential, hydration free energy…) with experimental toxicity data EC50. 
Screening of other oxides nanoparticles based on these descriptors can then be 
performed and the newly generated data will be incorporated into a statistical model 
for predicting the nanotoxicity [7].  
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