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Purpose of the visit

Proton-exchange membrane fuel cells (PEMFCs) have been widely explored in the last four decades. Perfluorosulfonic acid (PFSA) membranes consist of a highly hydrophobic polytetrafluoroethylene (PTFE) backbone with perfluorinated ether side chain terminated by hydrophilic –SO3H group, leading to spontaneous phase segregation at the nanostructural level, especially in solvent. 

The short-side-chain (SSC) PFSA membrane, originally synthesized by Dow Chemical and now commercialized by Solvay Solexis as Hyflon [1] showed proton superconductivity and enhanced performance  in fuel cell, higher crystallinity and glass transition temperature when compared to Nafion (the archetypal of PEMFCs) [2]. Wide-angle, Small-angle X-ray (WAXS and SAXS) and neutron scattering technologies have been widely utilized to probe the hydrated morphology of PFSA membranes [3].

Detailed knowledge of the morphology could be exploited for improving the PEM performance for fuel cell applications, since the ionomer morphology determines the network connectivity of the membrane and influences its conductivity and mechanical performance [4].

The first aim of the visit  is   to investigate the phase behavior inside Hyflon ion H by means of  dynamic density functional theory (DDFT) and Dissipative Particle Dynamics (DPD) [5]. Because experimental data is lacking the required mean-field Flory-Huggins mixing parameter  will be  estimated from the Hildebrand solubility values of the constituent materials of each bead by means of fully atomistic approach [6].In order to validate the simulated models calculated scattering curves will be compared to  experimental WAXD data.

In order to carry out this project  I need first to acquire the basics of mesoscale and macroscale modeling approach and practice with computational advanced code for achieving the first aim of investigating the morphologies of hydrated Hyflon Ion H membranes. The research line of Multiscale Computational Chemistry in the Soft Matter Chemistry Group at Leiden University is interested in the fundamentals of multiscaled computational chemistry for bridging the quantum, molecular, mesoscopic and macroscopic scales. In this group a novel computational platform CULGI has been developed: it is an international company for providing industry with modeling tools for the rational design of formulations, comprising polymers, colloids, surfactants and actives. Culgi employs computational scientists, physical chemists, and software engineers. The staff of Soft Matter Chemistry Group develops and distributes the Culgi multiscale modeling library, and offers scientific support and consulting through an international network of application scientists.

The purpose of the exchange visit is to collaborate directly with this renowned research group, in order to gain my scientific knowledge in this field, to learn how using the program that they designed and finally to acquire skills, through on-site training, for developing new modeling approaches to investigate innovative and complex nanostructured functional materials.
Description of the work carried out during the visit 

The morphologies of the Hyflon Ion H membranes (Scheme1) have been investigated by varying the equivalent weight (EW) and water content (w).

The phase behavior inside Hyflon ion H membranes has been investigated  by means of  dynamic density functional theory (DDFT)[5]. The block copolymer film has been modeled as a collection of Gaussian chains, each representing a copolymer molecule in a mean field environment. The chain has been built from coarse-grained statistical units (beads) with composition {AxS2}m  where A bead types denote the PTFE units of the apolar backbone  and S2  the polar side chains; x has been varied from 5 to 11 to capture different EWs of 635, 803, 909, 1076, 1269 g/eq. Because experimental data is lacking the required mean-field Flory-Huggins mixing parameter  has been estimated from the Hildebrand solubility values of the constituent materials of each bead by means of fully atomistic approach [6].

Molecular dynamic simulations of the mixed systems and their pure components have been carried out to calculate these values. Taking these bead interaction parameters DDFT runs have been performed. All the calculations have been performed by running scripts generated with Culgi 7.0 on Huygens supercomputer. The morphologies of the Hyflon Ion H membranes (Scheme1) have been investigated by varying the equivalent weight (EW) and water content (w).

The phase behavior inside Hyflon ion H membranes has been investigated  by means of  dynamic density functional theory (DDFT)[5]. The block copolymer film has been modeled as a collection of Gaussian chains, each representing a copolymer molecule in a mean field environment. The chain has been built from coarse-grained statistical units (beads) with composition {AxS2}m  where A bead types denote the PTFE units of the apolar backbone  and S2  the polar side chains; x has been varied from 5 to 11 to capture different EWs of 635, 803, 909, 1076, 1269 g/eq. Because experimental data is lacking the required mean-field Flory-Huggins mixing parameter  has been estimated from the Hildebrand solubility values of the constituent materials of each bead by means of fully atomistic approach [6].
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Scheme 1:  Structure of A: Hyflon ion; B: Hyflon ion H.

Description of the main results obtained
Molecular dynamic simulations of the mixed systems and their pure components have been carried out to calculate these values. The systems  have to be  relaxed for 30 ps at 600 K, and the system has to be compressed to the desired density at a rate of  0.1 Å/ fs while the temperature was annealed from 600 to

300 K at a cooling ratio of 50 K/1 ps, where the desired density was the bulk densities of TFE,  SFVE, Hyflon Ion H  and water.

Taking these bead interaction parameters DDFT runs have been performed. All the calculations have been performed by running scripts generated with Culgi 7.0 on Huygens supercomputer.

The equilibrated structures are considered as a function of EW and degree of hydration. In particular the 2D snapshots of water density  fields are shown in Fig1 for four  different systems: (a) EW=635, x=5, m=5, w=40%(b)EW=635, x=5, m=5, w=60%;(c) EW=803, x=6, m=5, w=40%;(d)EW=909, x=7, m=5,  w=30%. 

For the two systems with the lowest EW, an increase of the water content from w= 40 to 60 % gives rise to a transition of elongated water clusters to a continuous water matrix domain with polymer micelles. Both the systems (c) and (d) shows bicontinuous water clusters with increasing pore sizes.

[image: image3.emf]
Figure 1: Snapshots of the density fields of water  as a 2D cross section from 3D models 64h*64h*64h  (h= grid spacing) of the hydrated Hyflon ion H membranes with (a) EW=635, x=5, m=5, w  =40%(b) EW=635, x=5, m=5, w=60% (c) EW=803, x=6, m=5, w=40%; (d)EW = 909, x=7, m=5,  w=30%. 
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Future collaboration with host institution (if applicable)
In order to carry out the multiscale approach to the complex systems described in this project proposal it's necessary the synergic application of modeling methodologies of different time and length scales: In this first period I acquired some basic knowledge on mesoscale modeling and the on-site training was for me very useful in order to learn how  use Culgi, the software developed in the host institute, for the first investigation of the morphologies of  such complex systems as proton exchange membranes at different water uptakes. It would be very appreciated to continue the collaboration with host institute in order to develop a systematic coarse grained mapping from molecular dynamics simulation parameters for a multiscale investigation of these systems. In a future second visit of almost three months the research will be aimed  to develop Coarse Grained DPD and DFT models of Hyflon Ion H membranes with different amounts of water for the study of the morphologies of the swelling membranes. We expect to match theoretical results with experimental data of Saxs and Sans profiles on these membranes  [2].

The final goal is  to investigate proton transport across validated models of  perfluoropolymer membranes in order to provide useful process-structure-property correlations and  for achieving  high performance in fuel cell applications.
Projected publications / articles resulting or to result from the grant (ESF must be acknowledged in publications resulting from the grantee’s work in relation with the grant)
Mesoscale Modeling  of Morphologies in hydrated Hyflon Ion H membranes for fuel cells.
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Other Comments (if any) 

I felt very comfortable during the exchange visit in such a collaborative and stimulating scientific group as the Soft Matter Chemistry Group of Leiden University.  
I thank the ESF Committee for giving me the first  impulse to my collaboration with the host institute  and the opportunity to  get training  in mesoscale modelling.
I really hope to carry out the targets of the proposed project in a second longer visit.
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