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Abstract 

The proton conductivity of polymer electrolyte membranes (PEMs) plays a crucial role 

for the performance of polymer electrolyte fuel cells (PEFCs). High hydration of Nafion-

like membranes is crucial to high proton conduction across the PEM, which limits the 

operation temperature of PEFCs to <100o C. At elevated temperatures (>100o C) and 

minimal hydration, interfacial proton transport becomes vital for membrane operation. 

Along with fuel cell systems, interfacial proton conduction is of utmost importance in 

biology and materials science; yet experimental findings of ultrafast proton transport at 

densely packed arrays of anionic surface groups have remained controversial and 

unexplained.  

In the main part of this thesis work, ab initio simulations were performed on a minimally 

hydrated, densely packed array of sulfonic acid surface groups (SGs). This system 

served as a model to study the mechanism of interfacial proton transport in 

perfluorosulfonic acid membranes. Specifically, simulations were performed to explore 

the impact of the density of SGs on the mechanism of interfacial proton transport. 

Results reveal a mechanism of highly collective proton motion at a critical SG separation 

of 6.6 Å. The activation free energy of proton translocations exhibits a high sensitivity to 

the SG density. A spontaneous concerted proton transition was observed with low 

activation barrier at a surface group separation of 6.8 Å. When protons translocate 

concertedly, the activation barrier of the transition drops by more than a factor of two to 

the value of 0.25 eV compared to the case of disconcerted proton transfer. Results show 

that the hydrogen-bond network with long-range order that forms upon densification of 

SGs at the interface enables highly effective proton transport under minimal hydration 

conditions. These results were then incorporated in a soliton theory for describing 

collective proton transport through minimally hydrated and highly charged interfaces. 

Keywords:  Interfacial proton transport, polymer electrolyte membranes, collective 
proton transport 
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Chapter 1.  
 
Introduction 

1.1. Background 

In conventional power generation systems, combustion engines convert chemical energy 

of a fuel into electrical energy via a 3-step process: (1) combustion of fossil fuels 

converting chemical energy to thermal energy, (2) transformation of thermal energy into 

mechanical energy using a turbine and finally (3) transformation into electrical energy 

using an electric generator.  The theoretical efficiency of these combustion-based 

engines is limited by the Carnot theorem. According to this famous theorem, the thermal 

efficiency ( ) of an engine is subdued to the condition,  

     
        (1.1) 

where TH is the temperature, at which the fuel is burnt and TC is the ambient 

temperature. The Carnot efficiency of an engine burning fuel at a temperature of TH = 

1000 K, with TC = 298.5 K, is ~72%. Moreover, due to the losses involved in each of the 

energy conversion processes such as heat transfer, friction of moving parts etc. the 

actual efficiency is reduced further. The irreversible energy losses can be avoided by 

changing the multistep energy conversion process to a single step electrochemical 

process, where chemical energy is directly converted to electrical energy. A polymer 

electrolyte fuel cell (PEFC) operates on the basis of this principle and it thus represents 

a viable alternative to conventional combustion. 

A PEFC consists of an electrolyte sandwiched between two electrodes. A schematic 

diagram of a fuel cell is shown in Fig. 1.1. Several processes occurring in the various 
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components of the fuel cell during its operations are: (1) hydrogen and oxygen gas (or 

air) are pumped through the anode and cathode gas flow channels, respectively; (2) 

these gases then flow through porous gas diffusion layers into the anode and cathode 

catalyst layers; (3) protons generated in anodic hydrogen oxidation processes transport 

through the polymer electrolyte membrane and electrons flow from anode to cathode via 

an external circuit; (4) reduction of oxygen with protons and electrons at the cathode 

catalyst layer produces water and heat; and, finally, (5) water flows out of the cell 

through gas diffusion layers and flow fields at anode and, predominantly, cathode side1.  

 
Figure 1-1. Schematic of polymer electrolyte fuel cell (PEFC). FF: flow field, 

GDL: gas diffusion layer, PEM: polymer electrolyte membrane   

The role of the electrolyte is to conduct protons generated at the anode to the cathode 

where the protons combine with supplied oxygen and electrons to produce water. Also, 

the electrolyte should be impermeable to electrons. A parasitic electron flux through the 

membrane would lower the external electrical current and thus the power density 

generated in the fuel cell. The electrons generated in the fuel oxidation process at the 

anode surface travel through the external circuit and are used to perform work in 

external appliances. The most suitable fuel to be supplied to the anode is hydrogen but 
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methanol and other hydrocarbons can also be used. The cathode is fed with oxygen or 

air.  

While PEFCs are the main type of fuel cell considered for applications in transportation, 

other types of fuel cells are also used and are classified based on the choice of 

electrolyte used. The main fuel cell types are alkali, molten carbonate, phosphoric acid, 

polymer electrolyte and solid oxide fuel cells. The first three utilize liquid electrolytes and 

the last one uses a solid electrolyte. Depending on the choice of electrolyte, the 

operating conditions and the applications of fuel cells vary. For liquid electrolytes special 

care has to be taken to prevent electrolyte leaking whereas solid electrolytes do not leak 

any liquid electrolyte and are compact. PEFCs, because of their compactness and lower 

operation temperature below 100oC, are being considered for application in 

transportation, portable systems and power generation.  

In the 1960s, General Electric Company developed a PEFC which was used in the 

Gemini spacecraft for on board power generation2. With the end of the Gemini space 

program, the development in PEFC technology was halted as NASA used alkaline fuel 

cells in the subsequent space missions due to their higher efficiency. However, starting 

around the end of the 1980s interest in PEFCs resurged due to the development of new 

approaches of electrode preparation.3 These advancements reduced the amount of the 

platinum loading in catalyst layers and consequently the cost, while the specific power 

and the lifetime of the fuel cell increased. 

1.2. Operating Principles of PEFCs 

PEFCs use porous carbon electrodes coated with platinum catalyst to speed up 

oxidation and reduction reactions at anode and cathode. The half-cell reactions that 

occur at the two electrodes are shown below: 

Anode:      

€ 

H2 →2H + + 2e−,Ea
o = 0.0V , 

    Cathode:  
    

€ 

1
2

O2 + 2H + + 2e− →H2O,Ec
o = 1.229V , 
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where   

€ 

Ea
o  and   

€ 

Ec
o  are anode and cathode potentials versus standard hydrogen 

electrode (SHE). 

The overall reaction is therefore 

    

€ 

H2 +
1
2

O2 →H2O  

with the standard cell potential of   

€ 

Ecell
o  =1.229 V.  

The heat of reaction or reaction enthalpy under standard conditions (1atm, 25oC), 

calculated by subtracting the sum of the heat of formation of reactants from those of the 

products, is ΔHo = -286 kJ mol-1. This enthalpy value is based on the higher heating 

value (HHV) i.e. when liquid water is produced in the reaction. If however, the product 

water is in vapor phase then the reaction enthalpy is based on the lower heating value 

(LHV) and is equal to -242 kJ mol-1. Normally, LHV is used in the calculation of fuel cell 

efficiency.  

The Gibbs free energy of the reaction, which is also calculated as a difference between 

the Gibbs free energies of the products and reactants, is related to the equilibrium 

voltage of the fuel cell by the following equation, 

 ,                    (1.2) 

where n is the number of electrons transferred in the reaction, F is the Faraday constant 

and Eeq is the equlibrium cell voltage. The standard Gibbs free energy of this reaction 

based on the HHV is ΔGo
f = -237 kJ mol-1 and -229 kJ mol-1, based on the LHV. If all the 

Gibbs free energy produced is converted completely into electrical work, then the 

theoretical fuel cell efficiency under STP conditions is given by 

             , .     (1.3) 
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However, owing to the energy losses, this efficiency is not obtained in practical 

applications. The oxidation of hydrogen at the anode is a fast reaction but oxygen 

reduction at the cathode is a sluggish reaction that causes significant energy loss. The 

other major source of energy loss is the resistance to proton transport in the polymer 

electrolyte membrane. Other components of the fuel cell such as flow fields, gas 

diffusion layers also contribute to losses due to mass transport limitations. Hence, in 

reality, the voltage efficiency of the PEFC is significantly lower, around 40-50%, as 

compared to the theoretical value of 80-95%.  

The higher efficiency of PEFCs has led to many experimental and theoretical studies of 

materials and phenomena in them. The focus of this work is on theoretical 

understanding of proton transport in the polymer electrolyte membrane (PEM). In the 

following sections, structure and proton transport properties of PEM will be discussed. 

1.3. Polymer Electrolyte Membranes 

The choice of the proton-conducting medium governs the operating conditions of the fuel 

cell such as temperature and humidification conditions. For a polymer electrolyte 

membrane to qualify for use in a PEFC, it should be highly proton conductive, 

electronically insulating, impermeable to gases and mechanically as well as chemically 

robust under fuel cell operating conditions. However, available PEM materials do not 

satisfy all of these requirements, contributing to the observed voltage losses in the fuel 

cell. Membrane resistance to proton transport and crossover of reactant gases through 

the membrane directly contributes to voltage losses. The other factors that indirectly 

lower the fuel cell performance arise from PEM degradation and water management 

issues in the cell.  

The performance of a PEM is primarily evaluated based on its proton conductivity ( ). A 

PEM consists of a network of proton conducting pores. The PEM proton conductivity 

depends on the pore conductivity, pore size distribution and how different pores are 

connected to each other. The size and connectivity of different pores depends on the 

water content of the membrane (λ). Proton conductivity of a single cylindrical pore ( P) 

of length L and radius R is defined as 
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€ 

σP =
2π
l

r ρ(r )
0

R

∫ µ(r )dr ,         (1.4) 

where     

€ 

ρ(r )  is the proton distribution inside the pore and     

€ 

µ(r )  is the proton mobility4. 

Both     

€ 

ρ(r )  and     

€ 

µ(r )  depend on the water content of the pore. As a consequence proton 

conductivity of the membrane is also a function of water content of the membrane. A plot 

depicting proton conductivity of Nafion 117 as a function of water content (λ, which is the 

number of water molecules per sulfonic acid head group), as obtained by Zawodzinski et 

al5 is shown in Fig. 1.2. High hydration of the membrane leads to the formation of a well-

connected network of water channels for efficient proton transport through the 

membrane. 

 
Figure 1-2. Proton conductivity of Nafion 117 membrane as a function of water 

content (λ). “Reprinted by permission of the Electrochemical Society 
(Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.; 
Smith, V. T.; Springer, T. E.; Gottesfeld, S., J. Electrochem. Soc. 
1993, 140, 1041.) 

The necessity of high humidification of the membrane restricts the operation temperature 

and causes water management issues. Higher operation temperature would be 

desirable for improved electrode kinetics and better water management in the fuel cell.  

The proton transport from anode to cathode across the membrane is accompanied by 

the flow of water molecules. This phenomenon is known as electro-osmotic drag (EOD). 
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The EOD coefficient (nd) is the number of water molecules transported per proton. EOD 

causes flooding of the cathode affecting the fuel cell performance by blocking reactant 

diffusion to the catalytic sites. Zawodzinski et al6 obtained an EOD coefficient nd ~ 1 for 

Nafion over a wide range of membrane water contents (λ = 5-14). On immersing the 

membrane in liquid water the EOD coefficient was found to approach nd ~ 2.5. They 

considered two competing factors to explain their results. Water content of λ > 6 leads to 

proton conduction by a structural diffusion or hopping mechanism (discussed in section 

1.4). This should result in a lower EOD coefficient. However the presence of more bulk-

like water also results in a large water drag across the membrane along with the 

movement of protons. Similar EOD coefficients were found for other perfluorinated 

membranes as well6, 7. 

1.3.1. Perfluorinated Polymer Electrolyte Membranes 

Nafion®, synthesized first by Walter Grot at E. I. DuPont de Nemours, is the most 

commonly used polymer electrolyte membrane in PEFCs. It is prepared by free radical 

copolymerization of tetrafluoroethylene and perfluorinated vinyl ether monomers with 

sulfonyl fluoride groups. The sulfonyl fluoride groups are converted into sulfonic acid by 

hydrolysis thus allowing the polymer to be used as an ionomer to conduct ionic species, 

specifically protons in the case of PEFCs. The reaction scheme is shown in Fig. 1.3.  

The proportion of sulfonic acid groups in Nafion determines the equivalent weight (EW) 

of the ionomer as well as its ionic conductivity. The EW is defined as the weight of 

Nafion per sulfonic acid group. The performance of different perfluorosulfonated PEMs is 

often compared using their ion exchange capacity (IEC), which is defined as the 

reciprocal of the EW. The fluorinated backbone imparts hydrophobicity to the membrane 

whereas sulfonic acid groups are hydrophilic. Other perfluorosulfonic acid (PFSA) 

membranes such as Flemion®, Aciplex®, Dow and Hyflon®, differing in their chemical 

structures and compositions, have also been studied extensively. The chemical 

structures of these PFSA membranes are shown in Fig. 1.3. They exhibit similar 

membrane morphology and mechanisms of proton transport to that of Nafion. However, 

Dow and Hyflon® (also known as Aquivion) membranes with shorter sidechains than 

Nafion exhibit higher water uptake, significantly increased proton conductivity and better 
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stability at T > 100o C8, 9. Differential scanning calorimetric studies on Aquivion and 

Nafion membranes showed that the heat of fusion at a given equivalent weight is higher 

for the Aquivion membrane than Nafion membranes indicating that the former have 

higher crystallinity and consequently a higher glass transition temperature than Nafion9. 

Tant and coworkers’ studies have shown that Dow membranes retain some crystallinity 

even for equivalent weights below 800 g eq-1 where Nafion membranes are usually 

amorphous10. It was observed that the maximum operating temperature was 95o C for 

Nafion whereas this limit was shifted to 110oC for Aquivion. 

 
Figure 1-3. Synthesis scheme for Nafion. 

Kreuer et al11 have performed comparative studies on short side chain (SSC) Dow and 

long side chain (LSC) Nafion membranes in order to unravel the reasons behind the 

former’s better performance compared to that of Nafion. Dow membranes with 

equivalent weights of 858 and 1084 and Nafion 1100 were used in their work. Dow 1084 

and Nafion 1100 have similar ion exchange capacity (0.91 meq g-1) whereas Dow 858 

has an IEC of 1.22 meq g-1. The membranes with similar IEC showed similar hydration 

over the whole range of relative humidity studied in their experiments. In liquid water, 

Nafion showed much higher water uptake (λ = 20) than the short side chain membrane 
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(λ = 12). As expected Dow 858 showed higher level of hydration, owing to its almost 

30% higher IEC than Nafion, especially in the RH range of 70-100%. However in liquid 

water, the hydration level in Dow 858 (λ = 22) was found to be almost identical to that of 

Nafion.  

 
Figure 1-4. Chemical structures of (a) Nafion, and (b) Dow, Hyflon ionomers. 

The small angle X-ray scattering (SAXS) studies under different hydration conditions 

showed that the SSC membranes have less pronounced separation between hydrophilic 

and hydrophobic domains compared to that in LSC membranes, which indicates a 

higher rigidity of the SSC ionomer microstructure compared to that of the LSC ionomer. 

Despite the lower degrees of hydrophobic/hydrophilic phase separation in SSC-type 

ionomers, higher levels of water diffusion and proton mobility were observed at high 

levels of hydration. The measurement of elastic modulus as a function of temperature 

showed that SSC ionomers have higher morphological stability. The marked decrease in 

elastic modulus occurs at about 25-35o C higher temperatures than for Nafion.  

Conductivity measurements showed that at room temperature the proton conductivity of 

SSC ionomers is lower than that of Nafion. However, at T > 100oC the conductivity of 

Dow 858 remains higher than that of Nafion 1100 even when the level of hydration is 

very low. At T = 120oC and relative humidity in the range of 20 to 50%, the proton 

conductivity of Dow 858 was found to be more than two times higher than that of Nafion 

1100. These results suggest that the SSC and LSC ionomers undergo different changes 

of microstructure with increasing temperature and degree of hydration. But for the same 

EW, there is no difference in water and proton transport and in the 

hydrophilic/hydrophobic phase separation as a function of water volume fraction for the 

SSC and LSC ionomers. Due to the higher achievable IEC and the better morphological 

stability, SSC ionomers seem to show superior performance to LSC ionomers in PEFCs. 
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1.3.2. Morphology of PFSA membranes 

Several experimental studies based on X-ray and neutron scattering techniques have 

been performed to understand the morphology of the Nafion membrane in detail12-18. The 

first model, cluster network model, was proposed by Gierke et al12 on the basis of small 

angle X-ray scattering (SAXS) data. According to this cluster network model, water 

absorption leads to the formation of inverted micelles of about 4nm diameter, connected 

by narrow channels of ~1nm diameter as shown in Fig. 1.5. These sulfonic acid clusters 

are embedded into a hydrophobic polymer host. Although very simple, this model helped 

in understanding water fluxes and proton transport properties of Nafion in PEFC19, 20.  

 
Figure 1-5. Schematic representation of Gierke’s cluster network model 

(ref.[12]). 

In spite of several other models proposed, following the cluster network model, a 

consensus over the morphology of Nafion has still not been reached. One of the widely 

accepted models was proposed by Gebel et al16, 18. They studied the structural evolution 

of the membrane as a function of water content. Upon absorption of water in the 

membrane, the isolated spheres of ionic clusters (~15 Å in diameter) begin to swell. As 

shown in Fig. 1.6, a percolation threshold is reached at a water volume fraction Xv > 0.1. 

At Xv > 0.5, a morphological inversion occurs.  
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Figure 1-6. Structural evolution model proposed by Gebel. “Reprinted with 

permission from (Gebel, G.; Lambard, J., Macromolecules 1997, 30, 
7914). Copyright (1997) American Chemical Society.” 
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The increasing water content of the membrane is accompanied by an increase in the 

proton conductivity of the membrane. On increasing Xv from 0.5 to 0.9, the conductivity 

of the membrane approaches the value observed for Nafion solution.  

PFSA membranes show good proton conductivity under well-hydrated conditions, which 

limits the operation temperature of the fuel cell. Also the high cost of these membranes 

along with safety issues during manufacturing and use have encouraged scientists to 

look for alternative PEM materials.  

1.3.3. Non-fluorinated Membranes 

Ballard Advanced Materials (BAM) developed 3 generations of membranes namely 

BAM1G, BAM2G and BAM3G21, 22. The first generation of membranes were based on 

poly(phenylquinoxalene) polymers. In spite of a comparable performance of these 

membranes to Nafion membranes, their lifetime of about 350 hours fell short compared 

to the required lifetime of 3000 to 5000 hours for car applications, up to 20000 hours for 

bus applications and up to 40000 h for stationary applications. BAM2G membranes were 

based on poly(phenylene oxide) polymers. These membranes showed superior 

performance to BAM1G, Nafion117 as well as Dow membranes but suffered from a 

limited lifetime as well (500-600 hours). The third generation of membranes, BAM3G, 

based on poly(trifluorostyrene) have shown higher conductivity as that of BAM2G 

membranes along with a significantly improved lifetime of over 15000 hours.  

Kreuer and coworkers have investigated sulfonated polyaryl membranes for the use in 

PEFCs23,24. Although sulfonated polyaryls suffer from hydroxy radical initiated 

degradation25, sulfonated polyetherketones (s-PEEK) are found to be durable under fuel 

cell conditions over several thousand hours24. The transport and mechanical properties 

of these polymers are found to be significantly different from those of Nafion and are 

explained by the differences in microstructure and in acidity of the sulfonic acid groups. 

In s-PEEK, the backbone is less hydrophobic and the sulfonic acid functional group is 

less acidic than that in Nafion. As a result the separation into hydrophilic and 

hydrophobic domains is less pronounced. The evidence of these less separated 

domains was seen in small angle X-ray scattering (SAXS) experiments. A broadened 
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and higher intensity ionomer peak that is shifted towards higher scattering angles in 

comparison to Nafion indicates a smaller characteristic separation length with a wider 

distribution and a larger interfacial area between hydrophobic and hydrophilic domains 

for the hydrated sulfonated polyetherketone. The water-filled channels in s-PEEK are 

narrower, less separated and more branched with more dead-end pockets compared to 

those in Nafion. The diffusion data were obtained by pulsed-field gradient NMR 

experiments. Under very high water contents of the membrane the diffusion coefficient of 

protons (Dσ) and water (DH2O) for these membranes are almost identical to those 

observed for Nafion. As a result of a lower degree of dissociation of the sulfonate 

groups, the rigidity of the backbone due to the presence of aromatic groups and the 

confinement of water in narrow channels in s-PEEK, protons tend to be more localized 

near sulfonate groups. This leads to a significant decrease in Dσ compared to DH2O with 

decreasing water content. An important consequence of the narrow channels in s-PEEK 

is a lower electro-osmotic drag coefficient. In well hydrated membranes (λ > 10), the 

EOD coefficient for s-PEEK is lower by a factor of 2 or 3 compared to that of Nafion. The 

low drag coefficient of water facilitates the water management under operating 

conditions. Even under low degrees of hydration, the EOD coefficient is not lower than 1, 

since this corresponds to the lowest proton hydrate, H3O+. The proton transfer under 

these conditions was thought to occur through the displacement of hydronium ions. The 

EOD coefficient, in general, increases with increasing water content of the membrane. 

Under well-hydrated conditions, EOD coefficients are almost identical for s-PEEK and 

Nafion.  

The dry, brittle s-PEEK membranes become softer on water absorption. The swelling 

behavior of these membranes with different degrees of sulfonation has been compared 

to that of Nafion. For a sulfonation level of about 70% per repeat unit, the onset of 

excessive swelling is about 50oC below that of Nafion and for degrees of sulfonation 

higher than 80%, s-PEEK even becomes water soluble. 

Overall, s-PEEK membranes offer an advantage over Nafion membranes due to the 

lower cost and lower EOD coefficients under well-hydrated conditions. On the downside, 

their proton conductivity decreases more sharply with decreasing water content than 

Nafion and the stronger dependence on water content also limits the operation 
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temperature to about 80oC; the brittleness of these membranes makes their handling 

difficult and may cause mechanical failure during operation.  

Polybenzamidazoles (PBI) are thermostable polymers with melting points over 600oC26. 

PBI shows some tendency to absorb water as a result of which it shows protonic 

conductivity (~ 10-7 S cm-1)27. However this negligible proton conductivity can be 

improved by acid doping. The conductivity of PBI membranes doped with 5 different 

strong acids has been compared and the membranes can be arranged in the decreasing 

order of conductivity as H2SO4 > H3PO4 > HClO4 > HNO3 > HCl28. Thus sulfuric acid 

would be the preferred dopant but PBI films are not stable in hot concentrated sulfuric 

acid. Therefore, phosphoric acid emerges as the best candidate for the doping of PBI 

films. Extensive studies of PBI membranes doped with phosphoric acid for high 

temperature operation of PEFCs (120-200oC) have been carried out29. PBI is a basic 

polymer with excellent mechanical and chemical stability in this temperature range and 

phosphoric acid, a weak acid, conducts protons under anhydrous conditions by forming 

a hydrogen-bonded network. In order to obtain a high enough proton conductivity for fuel 

cell applications, the phosphoric acid doping level should be in the range of 5-6 moles of 

phosphoric acid per mole of PBI repeat unit30. The presence of a small amount of water 

can further improve conductivity by enhancing dissociation of the acid and increasing the 

number of charge carriers. This can be achieved by diffusion of water produced at the 

cathode under operation in PEFC. PBI membranes offer an advantage of lower cost, 

higher operation temperature and better water management compared to Nafion 

membranes since they can operate efficiently at low humidity. However, the phosphoric 

acid tends to leach out of the membrane resulting into membrane degradation and 

performance loss. Also, these membranes show low proton conductivity at low 

temperature, which strongly affects the cold start properties. 

1.3.4. Mesoporous Electrolytes 

For high temperature operation of the fuel cell, membranes with high proton conductivity 

maintained under low humidity conditions are required. One of the ways of achieving this 

is by increasing the IEC of the membranes. However, this may lead to excessive 

membrane swelling under fuel cell operation, thereby causing mechanical failure.  
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As an alternative, mesoporous materials, which can achieve high density of ionic groups 

without compromising mechanical and structural stability, have been studied as possible 

fuel cell electrolytes. Mesoporous electrolytes with phosphate groups31, 32, carboxylic 

acid groups33, 34, imidazole35 and sulfonic acid groups36 have been investigated. Fujita et 

al36 measured proton conductivity of mesoporous silica films functionalized with different 

sulfonic acid concentrations. Using an evaporation induced self-assembly approach 

(EISA), they obtained highly ordered structures. The mesoporous films, in general, 

showed higher proton conductivity than Nafion and the one with the highest IEC (2.3 

mmol g-1) showed a proton conductivity of 5.4x10-3 S cm-1 at a relative humidity (RH) of 

20%, the highest conductivity among the films studied in that work. Arrhenius plots were 

used to determine the activation energy of proton transport at different RH, which was 

found to be 0.26, 0.20 and 0.19 eV at RH of 20, 50 and 90% respectively. The 

observation of high proton diffusivity even at a water content as low as λ = 2 hints at a 

highly efficient mechanism of proton transport facilitated via the membrane surface. 

1.4. Proton Transport Mechanisms 

As discussed previously, the water content of the membrane is the main variable that 

determines its proton conductivity. High proton conductivity ~0.1 S cm-1 has been 

observed at high water contents for Nafion membranes. It has been attributed to a 

combination of factors, namely the high concentration of free protons, the bulk water like 

mobility of protons and the formation of a well-connected network of proton pathways4, 37-

39. The loss of water from the membrane leads to a drop in the proton conductivity due to 

the breakdown of proton pathways formed by well-connected water channels. The 

observed increase in the activation energy of proton transport from 0.12 eV for a fully 

hydrated membrane to an activation energy of 0.35 eV for a dry-membrane is supposed 

to be due to the change in the mechanism of proton transport38, 39.  

1.4.1. Proton Transport in Water 

The transport of protons in water has been the subject of many studies40-44. Proton 

transport in water occurs via a structural diffusion mechanism. In this mechanism, a 

proton transfers from one water molecule to another. The proton conductivity through 
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this mechanism depends on the rate of proton transfer and accompanying solvent 

reorganization.   

Owing to many molecular level studies devoted to the transport of an excess proton in 

water, the structural diffusion mechanism of proton motion is well understood.42-44 An 

excess proton in water usually exists in the form of an Eigen ion (H9O4
+), in which a 

hydronium ion (H3O+) is hydrogen bonded to three neighboring water molecules, or a 

Zundel ion (H5O2
+) in which an excess proton is symmetrically delocalized between two 

water molecules, as shown below in Fig. 1.7.  

           
Figure 1-7. Structures showing an Eigen and Zundel ion. Red circles indicate O 

atoms and black circles indicate H atoms. 

The hydrogen bonds in the vicinity of an excess proton are shorter (2.55 Å) than the 

average hydrogen bond lengths in water (2.85 Å). The proton transport through 

hydrogen-bonded network of water molecules occurs by transformations between Eigen 

and Zundel ions. As shown in Fig. 1.8, the transformation between these ions is 

triggered by the breaking of a hydrogen bond in the second solvation shell of an excess 

proton and subsequent reorganization of the surrounding water molecules. This leads to 

a transformation of an Eigen ion into a Zundel ion with a delocalized proton between two 

water molecules. The Zundel ion can either revert to the original Eigen ion or form a new 

Eigen ion, thereby completing a single step of proton transfer. As shown in Fig. 1.8, 

delocalization of a proton between two water molecules results into a symmetric double 

well potential for a Zundel ion. In the case of the Eigen ion, where a hydronium ion is 

hydrogen bonded to three neighbouring water molecules, the double well potential is 

asymmetric. The shorter hydrogen bonds of the excess proton in the Zundel ion ensure 

an almost barrierless proton transfer between the water molecules. In a single step, the 

Eigen ion Zundel ion 

+ 
+ 
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proton displacement is only about 0.4 Å but the center of charge shifts by about 2.5 Å. 

The low activation energy of proton transfer is attributed to the fact that the two reaction 

steps i.e. molecular reorientation and the proton displacement within hydrogen bonds 

are strongly coupled and take place in different parts of the structure45.  

  

 
Figure 1-8. Structural diffusion mechanism of proton transport in water. Blue 

pentagons in the structures in upper panel highlight an Eigen ion 
and a blue rectangle in the structure at the center highlights a 
Zundel ion. The corresponding potential profiles are shown in the 
lower panel of the figure. 

1.4.2. Proton Transport in PEM 

Water absorbed in the polymer electrolyte membrane acts as a pore former as well as a 

pore filler. The first few water molecules absorbed by a dry membrane solvate the SO3
- 

and H+ ions46. Water uptake in excess of 3-4 water molecules per sulfonate group is 

believed to swell the hydrophilic clusters, thereby increasing the mobility of protons47. In 

simplest approximation, water molecules inside the pore can be classified into two 

categories, namely surface and bulk-like. Surface water is tightly bound to the sulfonate 

anions and experiences strong electrostatic interactions, which hinders their free 

movement. Bulk-like water molecules, which are not bound to the sulfonate groups 

exhibit a mobility similar to that of bulk water. The different relaxation times of surface 

Eigen ion Eigen ion Zundel ion 

2nd solvation shell 
H-bond breaks 

+ + + 

O-O distance 

E 
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and bulk-like water molecules have been observed in differential scanning calorimetric 

as well NMR studies48, 49.  

The membrane conductivity depends on the water content, distribution of water in the 

membrane and the mobility of water molecules as well as protons. In well hydrated 

membranes, proton mobility is close to that in bulk water5 and the proton transport 

mechanism is thus assumed to be similar to that observed in bulk water. In the case of 

Nafion membranes, on decreasing the water content below the percolation threshold (XV 

< 0.116) the collapse of well-hydrated proton pathways strongly affects the proton 

transport. Eikerling and Kornyshev applied Poisson Boltzmann theory and charge 

transfer theory to calculate proton distribution and electrostatic contributions to the 

activation energy of proton transfer in pores of polymer electrolyte membranes50. The 

model consisted of flat slit pores lined with sulfonate ions represented by immobile point 

charges. They showed that the activation energy depends on the size and water content 

of the pores. In a narrow (5-10 Å) pore, the proton experiences a large electrostatic 

potential barrier resulting into high activation energy. Due to the high ratio of such pores 

in a dry membrane, the large activation energy of proton transitions lowers the overall 

proton conductivity of the membrane. Upon increasing the water content, the 

significance of the surface mechanism decreases due to the widening of the pores giving 

way to the bulk-like proton transport through the PEM pores.  

However MD simulation for proton transport in a single pore did not show an increase in 

the activation energy as a function of decreasing water content51, 52.  It was found that in 

a single pore, the surface mechanism of proton transport does not dominate and 

structural diffusion of protons is a rate-determining process. Commer et al52 modified the 

Poisson Boltzmann model of a single pore by including a more realistic atomic 

description of sulfonate groups and the finite size of proton complexes. The results of 

this modified model were in line with the MD simulation results and did not exhibit an 

increase in the activation energy in narrow pores. However these results obtained for 

proton transport in a single pore of a membrane could not reproduce the experimental 

results where an increase of the activation energy of proton transport as a function of 

decreasing water content in the PEM was observed. In these simulations polymer 

dynamics was not taken into account.  
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In summary, water content of the membrane is an important factor in determining the 

predominance of surface or bulk-like proton transport in the membrane. Under well-

hydrated conditions, bulk-like proton transport will dominate over surface proton 

transport. The loss of bulk-like water in dehydrated membrane will extinguish the bulk-

like proton transport and surface proton transport will be predominant. 

1.4.3. Surface Proton Transport in Biological Systems 

Proton transport plays an important role in biochemical processes resulting in a large 

interest in mechanisms of proton transport in different biologically relevant systems 

under various conditions. The mechanism and the rate of proton transfer depends on the 

distance between the proton donor and acceptor groups and the dynamic reorganization 

of the surrounding medium. 

Experimentally, surface proton transport has been studied extensively in the context of 

biological systems53-61. In particular, experiments have been performed using Langmuir 

monolayers, since they enable control of monolayer composition, surface pressure of the 

monolayer and surface charge density. In these experiments, the monolayer was 

compressed and the surface pressure was measured as a function of the monolayer 

area per surface group53, 55, 60, 61. The change in surface pressure due to the changing 

monolayer area is correlated with the interaction between molecules. When the 

molecules are well separated from each other, there is negligible interaction between 

them and the surface pressure is zero. However on compressing the monolayer, the 

surface pressure increases due to the stronger molecular interactions. Surface pressure 

isotherm of stearic acid monolayer obtained by Slevin et al is shown in Fig. 1.961. A 

steep increase in the pressure, potential and conductance occurred for the monolayer 

areas below 30 Å2 corresponding to the formation of a relatively stiff hydrogen bond 

network including monolayer headgroups and interfacial water molecules. Oliviera et al 

observed an increase in surface potential and lateral conductance along with an 

increase in the surface pressure as a function of area per molecule of stearic acid60. 
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Figure 1-9. Surface pressure (π) isotherm of stearic acid film. “Reprinted with 

permission from (Slevin, C. J. and Unwin, P. R. J. Am. Chem. Soc. 
2000, 122, 2597). Copyright (2000) American Chemical Society.” 

Heberle et al54 studied flash induced proton transfer by bacteriorhodopsin. They used 

two pH indicators, one bonded to the surface and another dissolved in the solution to 

compare the rate of proton transfer along the surface and through the bulk. Their results 

revealed faster lateral proton transport along the surface than through the bulk of the 

membrane. Teisse et al62 also used a pH-sensitive fluorescence probe to study lateral 

diffusion of protons along the phospholipid/water interface. The time needed for proton 

diffusion to the probe was monitored by the change in the fluorescence signal. Diffusion 

along the lipid monolayer was found to be 20 times faster than in the bulk water phase 

(9.3 x10-5 cm2s-1). However, this value was found to be somewhat larger than other 

experimental results. Zhang and Unwin55, using an SECM proton feedback method, 

found a proton surface diffusion coefficient of 6 x 10-6 cm2s-1. Serowy and coworkers56 

using a flash photolysis technique with lipid monolayers determined a diffusion 

coefficient of 5.8 x 10-5 cm2s-1.  

Potential energy curves for proton transfer can be represented by double-well potentials. 

For proton transfer between two water molecules, the double well potential is 

symmetrical and the barrier is small. But for proton transfer at the membrane/water 

interface, the potential barrier for proton transfer between water and ionic groups is 

expected to be higher than in bulk water due to the strong electrostatic interaction of 

solution. The developing negative charge that occurs under
SECMID deprotonation defines the surface charge density,

where ! is the fraction of undissociated stearic acid molecules,
and N is the total surface density of stearic acid/stearate.
The rate constants defining the kinetics of association/

dissociation at the interface, ka (cm s-1) and kd (mol cm-2 s-1),
respectively, may also be expressed in terms of potential-
independent (intrinsic) rate constants, kai and kdi,

The Gouy-Chapman approach to calculating the surface
potential-charge density relationship has been shown to be valid
for ionic strengths up to the order employed in the studies herein,
and for areas per charge down to 40-50 Å2,18 which covers
the range of the current experiments. The initial surface charge
density and potential are calculated when the deprotonation/
protonation process is at equilibrium. ! depends on the
equilibrium constant according to the following expression,

An initial guess of ! can be obtained using the value of Kai in
eq 14. Equations 9, 10, 11, and 14 can then be solved in an
iterative fashion to establish the true initial state.
By dissociating the monolayer with a UME, the local surface

density changes due to the accumulation of negative charge,
and this might alter the local structure of the monolayer.
However, such effects are only expected to be significant when
there are major perturbations in the degree of surface ioniza-
tion,18 and we will show later that the induced changes in !,
under SECMID conditions, are relatively small.
Surface diffusion, coupled with acid association/dissociation,

defines the boundary condition at the target interface,

for which additional constraints apply,

In eq 15, Dsur is the surface diffusion coefficient. In treating
lateral diffusion using eq 15, we are considering that for a given
surface density of amphiphiles, the surface diffusion coefficient
is uniform over the region of interest. This is likely to be a
good assumption since, as discussed below, the degree of surface
ionization does not change appreciably under SECMID condi-
tions on the present system. Moreover, eq 15 assumes that lateral
diffusion is due to surface bound protons.
The problem was solved using the alternating direction

implicit (ADI) finite difference method,19 and the SECM current
response was simulated as described previously.13,19

Experimental Section
Solutions. Aqueous solutions were prepared using Milli-Q-reagent

water (Millipore Corp., resistivity g 18 M! cm). Solutions contained
2 ! 10-5 to 5 ! 10-4 mol dm-3 HNO3 (Sigma-Aldrich, Gillingham,

U.K.) and 0.1 mol dm-3 KNO3 (A.R., Fisher, Loughborough, U.K.) as
supporting electrolyte. Ferrocyanide solutions contained 1 ! 10-3 mol
dm-3 potassium hexacyanoferrate (A.R., Fisher) and 0.1 mol dm-3

potassium chloride (BDH AnalaR, Merck, Lutterworth, U.K.). Stearic
acid (99+%, Sigma-Aldrich) solutions used to prepare the monolayer
typically contained 1 mg of stearic acid/mL of solvent (chloroform,
A.C.S., Sigma-Aldrich).
Apparatus. The Langmuir trough (model 611, Nima Technology,

Coventry, U.K.) was housed inside a glovebox (Glovebox Technology,
Huntingdon, U.K.) purged with Argon (Pureshield, BOC Gases,
Guildford, U.K.). Monolayers were observed using Brewster angle
microscopy (MiniBAM Brewster Angle Microscope, Nanofilm Tech-
nologie GmbH, Göttingen, Germany). The electrode was positioned
using a set of x,y,z stages (M-462, Newport Corp., CA) and a
piezoelectric positioner and controller (models P-843.30 and E662,
Physik Instrumente, Germany). The procedure for the fabrication of
submarine UMEs has been described previously.14c The platinum UMEs
used were 25 or 10 µm in diameter.
Procedures. Monolayers of stearic acid were formed by depositing

a known volume (typically 50 ( 1 µL) of the stearic acid solution on
the subphase, dropwise, using a microliter syringe (100 µL volume,
Hamilton, Reno, NV). The solvent was allowed to evaporate for 15
min before measurements were made. Pressure-area isotherms were
recorded at a surface area compression rate of 25 cm2 min-1, from a
surface area of 500 cm2. The solvent itself caused no discernible rise
in surface pressure when spread without surfactant.
Electrochemical measurements employed a two-electrode arrange-

ment, with a Pt submarine working electrode, and a silver quasireference
electrode (AgQRE). Current-time transients were recorded using a
digital storage oscilloscope (NIC310, Nicolet, Coventry, U.K.) at a fixed
UME-interface distance. A reproducible response was achieved by
pretreating the electrode each time by first oxidizing at 1.3 V vs AgQRE
for 3 s, then stepping the potential to -0.59 V for 1 min to condition
the electrode, before stepping to -0.8 V to effect the diffusion-
controlled reduction of H+. Current-distance tip approach curves were
recorded in a similar way to previous studies.14e The electrode, initially
at a distance ca. 30 µm from the air/water interface, was anodically
pretreated as described above, before the potential was stepped to-0.8
V for the steady-state reduction of H+. After a stable current had been
attained for ca. 1 min, the electrode was scanned toward the air/water
interface, at a velocity of 0.6 µm s-1, while the current and distance
were recorded simultaneously. Each time the interfacial area was
changed, a few minutes were allowed for the monolayer to stabilize.

Results and Discussion
The pressure (")-area (A) isotherm for stearic acid on an

aqueous subphase containing 0.1 mol dm-3 KNO3 and 5! 10-5
mol dm-3 HNO3 is given in Figure 2. On compression, the

(18) Spink, J. A. J. Colloid Sci. 1963, 18, 512.
(19) Unwin, P. R.; Bard, A. J. J. Phys. Chem. 1991, 95, 7814.

Figure 2. Pressure (")-area (A) isotherm for stearic acid on an aqueous
subphase containing 0.1 mol dm-3 KNO3 and 5 ! 10-5 mol dm-3

HNO3. The labels a-d correspond to the data in Figure 5.
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protons with the interfacial ionic groups. However, the proton transfer barrier can be 

lowered by decreasing the distance between the ionic groups such that a relatively 

inflexible water-bridged, hydrogen-bonded network of ionic groups is formed at the 

interface. The formation of such a network at the membrane/water interface was 

supported by neutron scattering studies by Fitter et al63. The studies of fatty acid films59 

and assemblies of acidic DL-α-phosphatidyl-L-serine dipalmitoyl55, 61 showed that the 

surface proton conductance depended strongly on the distance between the neighboring 

anionic groups. At a separation of ~7 Å, a sharp increase in surface proton conductance 

was observed. The authors suggested that below the critical distance of ~7 Å, the 

anionic head groups form a water-bridged hydrogen-bonded network which supports 

efficient surface proton transfer. Similar observations were made by other researchers 

that interfacial proton conductance increases below a critical surface area. This indicates 

that bringing the donor and acceptor molecules in appropriate distance and orientation 

could accelerate proton transfer.  

Empirical valence bond (EVB) simulations of proton transfer along a linear file of water 

molecules in a gramicidin channel by Braun-Sand and coworkers64 revealed significant 

electrostatic barriers for long-range proton transfer along a chain of hydrogen bonds. 

Grotthus mechanism was found to be inefficient for proton hops via many intermediate 

water molecules in a heterogeneous system. The presence of charged groups as 

intermediates along the surface or inside proteins helped to propagate protons 

efficiently. The polarization of water molecules by charged groups helps in orienting the 

donor and acceptor groups thereby facilitating surface proton transport59, 65.  

Cherepanov et al compared X-ray structures of proton pumps with those of energy-

transducing enzymes, which are not involved in proton transfer66.  They found an 

average separation of ~7 Å between ionic groups for enzymes that act as proton pumps 

whereas the ionic groups of non-pump enzymes have an average separation of 10 Å. 

Their observation is in agreement with the lateral proton diffusion measurements 

performed by other groups, as mentioned above.  

Overall these studies suggest in a consistent manner that the structural transition 

occurring at a critical separation of ~7 Å between ionic groups is accompanied by a 
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change in the proton transfer mechanism. However experimental studies are not able to 

provide insights into molecular level understanding of the mechanism. This can be 

achieved through ab initio simulations.  

1.4.4. Collective Proton Transport in Hydrogen-bonded Systems 

Soliton theory has been employed to understand high proton conductivity in hydrogen-

bonded systems such as one-dimensional hydrogen-bonded chains67, 68, ice69, Langmuir 

films70 or biological systems71. A soliton is defined as a collective localized excitation of 

the medium. The strong coupling between the particles involved in the soliton ensures 

the collective dynamics. In strongly hydrogen-bonded systems, proton transport can 

occur via a soliton, where several protons shift coherently along the hydrogen-bonded 

chain. Although this type of collective proton transport itself occurs rather rapidly, the 

reorganization of the surrounding bonds in the system is a slow process71.  

Bazeia et al70 developed a soliton model for proton conductivity of Langmuir films. They 

obtained soliton solutions that describe proton motion along the hydrogen bonds and 

could explain the proton conductivity data obtained for Langmuir films. They also 

showed that the probability of soliton creation depends on the compression of the film, 

the distance between the minima of the proton potential and the strength of hydrogen 

bonds. Thus the strength of hydrogen bonds, which depends on the distance between 

the proton donor and acceptor, is an important factor in collective transfer of protons in 

hydrogen-bonded systems. 

These solitons models have been proposed for 1-dimensional hydrogen-bonded 

systems. Passing of a solitary wave through a system leads to a change in configuration 

of the hydrogen-bonded groups and in a one-dimensional system, passing of a soliton 

should be followed by a reorientation of SGs so that another solitary wave can pass 

through the system. This problem can be overcome by considering a two-dimensional 

system since it will allow multiple paths for a soliton to pass through the system and 

restore the initial configuration72. 
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1.5. Objective of the Dissertation 

Higher operation temperature of PEFC would markedly improve electrode kinetics as 

well as help water management in the fuel cell. However, as noted above, water content 

is significantly reduced due to the evaporation of loosely bound water in the membrane, 

as the temperature approaches 100oC. This will leave only tightly bound surface water in 

the membrane. The extensive loss of water from the membrane affects the network of 

water channels and leads to the change in the microscopic mechanism of proton 

transport due to the reduced mobility of protons in the narrowed channels. Under such 

conditions, proton transport remains possible only via a surface mechanism. As 

discussed above, experimental studies on lateral proton transport in biological systems, 

soliton models for hydrogen-bonded systems and proton conductivity studies of 

mesoporous electrolytes have shown that the high density of ionic groups plays a crucial 

role in surface proton transport. Proton conductivity studies of sulfonic acid 

functionalized model compounds by Schuster et al73 also showed that high proton 

conductivity can be achieved even at high temperatures (120-160oC) for minimally 

hydrated sulfonic acid groups if the ion exchange capacity is sufficiently high. 

In order to achieve a deep understanding of these scientific phenomena, either 

experiments or simulations or theory alone are not sufficient. A synergistic approach 

combining the three types of research can give better insights. Experimental studies 

have shown that high density of ionic groups is a necessary condition for high proton 

conductance under minimal hydration conditions. With this experimental knowledge at 

hand, a model for ab initio simulations can be devised. The focus of this thesis work is 

on the understanding of the mechanism of surface proton transport in a system with a 

high density of sulfonic acid head groups, investigated through ab initio simulations. The 

model system used in this work will be discussed in detail in Chapter 3. Briefly, it 

consists of a 2D, highly charged interfacial array of minimally hydrated triflic acid surface 

groups. The system considered for this computational study is highly simplified but it can 

still help in gaining deeper understanding in discerning patterns between structure-

dynamics relationship in the system. Through simulations, microscopic properties such 

as activation energies of proton translocations and coupling constants of molecular 

groups at the interface are obtained. These properties are then incorporated into a 
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theoretical soliton model to enable derivation of experimentally observable quantities 

such as proton mobility or diffusion coefficient.  

1.6. Outline 

Chapter 2 introduces the theoretical background of the simulation methods used in this 

work. The model system and the preliminary results are presented in Chapter 3. 

Metadynamics results obtained for concerted and disconcerted proton transfer at a 

critical surface group (SG) separation are discussed in Chapter 4. The effect of varying 

SG density on the mechanism and activation energy of proton transport are presented in 

Chapter 5. Chapter 6 contains the discussion of metadynamics results for proton 

transitions from tilted structure. Conclusions and future work are presented in Chapter 7. 
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Chapter 2.  
 
Theory 

This chapter introduces methods used for computer simulations and it provides the 

required theoretical background of those methods.  

The Schrödinger equation governs quantum systems and, in principle, it provides all 

physical properties of the system. The time independent Schrödinger equation is 

   ,                       (2.1) 

where       
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r i ,
 
R I ) is the wavefunction that describes the system based on the spatial 

coordinates of electrons       
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The first term in Eq. 2.2 is the kinetic energy of electrons, the second term represents 

Coulomb interactions between electrons and nuclei, the third term accounts for electron-

electron interactions, the fourth term is the kinetic energy of nuclei and the last term 

represents the nucleus-nucleus interactions.  
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Hψ(
 
r i ,
 
R I ) = Eψ(

 
r i ,
 
R I )
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A standard approximation in solving the Schrödinger equation is the Born-Oppenheimer 

approximation74. It allows decoupling the nuclear and electronic degrees of freedom due 

to the much larger mass and slow dynamics of nuclei compared to that of electrons. The 

last term in Eq. 2.2 representing internuclear interaction is usually neglected while 

solving the Schrödinger equation and is taken into account only to get the total energy of 

the system. This simplifies the Hamiltonian in Eq. 2.2 to 
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The electron-electron interaction results in the electronic motion being correlated. As a 

result of which even after simplifying the Hamiltonian by introducing the Born-

Oppenheimer approximation, Eq. 2.1 cannot be solved exactly for multi-electron 

systems.  

One method of solving Eq. 2.1 is the Hartree-Fock method. It treats the many-body N-

particle problem as N-single particle problems. In this method, a product of N single-

electron orbitals replaces the N-electron wavefunction. The antisymmetry of the 

wavefunction is ensured by using Slater determinants. The Hartree-Fock wavefunction is 

written as 

      

€ 

ψ(
 
r 1,
 
r 2,...
 
r N ) =

1
N

det |ψ(
 
r 1)ψ(
 
r 2)...ψ(

 
r N ) |.         (2.4) 

Although this method yields good results, it is computationally expensive (scales as N4 

where N is the number of basis functions) and hence difficult to use for large systems. 

Another method for solving the N-electron Schrödinger equation is density functional 

theory (DFT). DFT is, in principle, exact, at least for the ground state. 
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2.1. Density Functional Theory 

Density functional theory (DFT) uses the electron density to represent the electron 

distribution. The method was developed into a powerful practical methodology after 

Hohenberg and Kohn proved that the ground state energy of the system has a one-to-

one relation with the electron density distribution. They formulated DFT using two 

theorems. 

2.1.1. Hohenberg-Kohn Theorems 

Hohenberg and Kohn formulated the basic principles of density functional theory in 

196475. The existence theorem of DFT states that the external potential is (to within a 

constant) a unique functional of the electron density only. Since, the external potential in 

turn fixes the Hamiltonian, the full many particle ground state is a unique functional of 

the ground state electronic density76. 

For a given external potential v(    

€ 

 
r ), i.e. the potential created by nuclei in the system, the 

energy functional can be written as 

      

€ 

E[n(
 
r )] = n(

 
r )∫ v(
 
r )dr + F [n(

 
r )],        (2.5) 

where       

€ 

F [n(
 
r )] is a universal but unknown functional of the electron density given by 

      

€ 

F [n(
 
r )] = ψ | (T +Vee ) |ψ .         (2.6) 

Here T is the kinetic energy operator and Vee is the electron-electron interaction 

operator. For a non-degenerate groundstate, the system energy can be written in terms 

of the groundstate many-body wavefunction 

€ 

ψ   

        

€ 

E[n(
 
r )] = ψ | H |ψ ,            (2.7) 

with the Hamiltonian given by 
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€ 

H = F +V,          (2.8) 

where V is the external potential operator and F is the electronic Hamiltonian given by 

         

€ 

F = T +Vee.        (2.9) 

The second theorem of Hohenberg and Kohn states that the functional that provides the 

ground state energy of the system, gives the lowest energy if and only if the input 

density is the true ground state density76. 

These two theorems establish the existence of a universal functional but they do not give 

any idea about the nature of the functional or how to calculate the groundstate density.  

2.1.2. The Kohn-Sham Formulation of DFT 

The Kohn-Sham formulation offers a way to calculate the groundstate electron density. 

Instead of considering a many-body system, a fictitious system of non-interacting 

electrons moving within an effective Kohn-Sham single-particle potential       

€ 

vKS(
 
r ) is 

created with a constraint that its groundstate density is equal to that of the real system. 

This constraint on the system is justified by the validity of the Hohenberg-Kohn 

theorems. 

Variation of the total energy functional with respect to the electron density, subject to the 

constraint that the number of electrons N is conserved, leads to 
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r )dr∫ −N[ ] = 0,      (2.10) 

where 

€ 

µ  is a Lagrange multiplier associated with the condition of constant N and is 

given by 
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The Kohn-Sham formulation allows the universal functional       

€ 

F [n(
 
r )] to be written as 



 

29 
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r )],    (2.12) 

where       
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Ts [n(
 
r )] is the kinetic energy of non-interacting electrons given by 
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The second term represents classical Hartree energy, which is written as  
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The last term in Eq. 2.12 is the exchange-correlation energy, which includes both the 

difference between the exact and the non-interacting kinetic energies and the non-

classical contribution to the electron-electron interactions, of which the exchange energy 

is a part.  

Equation 2.11 can now be written as 
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where       

€ 

vKS(
 
r ) is the effective Kohn-Sham potential, 
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The Hartree potential       
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vH (
 
r ) and the exchange-correlation potential are given by 
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and 
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vxc =
δExc [n(

 
r )]

δn(
 
r )

.      (2.18) 

Using this formalism, we can obtain the electron density of the non-interacting Kohn-

Sham system, which is the same as the exact groundstate electron density. In practice, 

the groundstate electron density is obtained by solving N one-electron Schrödinger 

equations shown below 
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where   

€ 

εi corresponds to the eigenvalues of the single-electron states and the charge 

density       
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n(
 
r ) is obtained from the Kohn-Sham orbitals as 
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Similarly, the many-electron wavefunction of the system is obtained as a Slater 

determinant of the Kohn-Sham orbitals. 

The Kohn-Sham formulation transforms the many-electron problem into N single-

electron problems, each coupled via the Kohn-Sham effective potential. It is important to 

mention that there is no physical interpretation of these single-electron Kohn-Sham 

orbitals. They are merely mathematical artifacts that facilitate the determination of the 

groundstate density. 

In the Kohn-Sham formulation, the real system of interacting electrons is mapped onto a 

system of non-interacting electrons with the same groundstate electron density. As a 

result the Kohn-Sham kinetic energy is not the true kinetic energy of interacting 

electrons. Keeping this in mind, the exchange-correlation energy can be defined as 
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where       

€ 

Ts [n(
 
r )] and       

€ 

Eee [n(
 
r )]are the exact kinetic and electron-electron interaction 

energies, respectively. This definition of exchange-correlation energy ensures that the 

Kohn-Sham formulation is in principle exact. However, the actual form of Exc is not 

known. In practice, approximate functionals are used to describe this term. The two most 

common approximations are the local density approximation (LDA) and the generalized 

gradient approximation (GGA). 

LDA is the simplest approximation, which assumes that the exchange-correlation energy 

at a point r is equal to the exchange-correlation energy of a uniform electron gas that 

has the same density at point     

€ 

 
r . So       
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Exc [n(
 
r )]  can be written as 
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and the exchange-correlation potential vxc can be written as 
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where   

€ 

εxc is the exchange-correlation energy of a uniform electron gas, given by 

      

€ 

εxc (
 
r ) = εxc

hom[n(
 
r )].      (2.24) 

The LDA ignores the correction to the exchange-correlation energy due to 

inhomogeneities in the electron density about     

€ 

 
r . As a result it overestimates the binding 

energies in molecules. 

The GGA, a semi-local method, attempts to incorporate the effects of inhomogeneities 

by including the gradient of the electron density. It can be written as 
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where       

€ 

Fxc [n(
 
r ),∇n(

 
r )] is known as the enhancement factor.  The GGA succeeds in 

reducing the effects of LDA overbinding77. In my work, exchange-correlation energies 

are calculated within the GGA approximation using the BLYP functional78. 

2.1.3. Basis Sets 

In order to solve the single electron Schrödinger equation, we need to represent the one-

electron orbitals with mathematical functions. The most common options for basis 

functions are Slater-type orbitals, Gaussian orbitals and plane waves. The atomic 

orbitals are well described with Slater-type orbitals as they decay exponentially with 

distance from the nuclei. However, Slater-type orbitals are computationally expensive 

and could be approximated by a linear combination of Gaussian orbitals. In this work, a 

Gaussian plane wave (GPW) basis set79 is used and hence will be discussed in detail.  

Gaussian functions, an example of localized basis functions, are a common choice for 

representing orbitals in electronic structure calculations80. Gaussian-type orbitals are 

centered on atomic nuclei and are computationally efficient for isolated atoms or small 

molecules. The accuracy of the calculation can be improved by increasing the number of 

functions used. However they are atom specific and being centered on the atomic nuclei, 

the movement of atoms during simulations can lead to errors. Gaussian functions are 

widely used for calculations of isolated molecules or small clusters. For periodic 

systems, plane waves are more useful. According to the Bloch theorem81, the periodicity 

of the system implies periodic nuclear potential and imposes the same periodicity on 

wave functions as well as electronic density. Plane waves are suitable to expand the 

periodic part of the orbitals. The wavefunction of an electron experiencing a periodic 

potential can be written as  
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k ⋅
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where       
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uj (
 
r ) is a periodic potential function, i.e.       
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l  is the lattice 

vector, j is the band index and     

€ 

 
k  is a wavevector lying in the first Brillouin zone. The 

periodic function       
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uj (
 
r ) can be expanded in terms of a Fourier series 
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where     

€ 

 
G  are the reciprocal lattice vectors defined as       

€ 

 
G ⋅
 
R = 2πm, where m is an 

integer,     

€ 

 
R  is a real space lattice vector and     

€ 

cj,G  are expansion coefficients. The 

electronic wavefunctions can then be written as a linear combination of plane waves 
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In principle, an infinite number of plane waves are required to describe the wavefunction 

exactly. Plane waves at the lower end of the kinetic energy are most important for 

representing valence electrons. As a result high-energy plane waves can be neglected. 

This allows us to truncate the basis to a finite number of plane waves. The energy cut-off 

is defined by  

      

€ 

h2

8π2m
|
 
k +
 

G |2≤ Ecut.      (2.29) 

The accuracy of the results can be improved by increasing the value of Ecut. Advantages 

of plane waves over Slater-type and Gaussian orbitals are: (i) they are not dependent on 

atom positions, which simplifies the force calculations, (ii) they are non-localized, which 

makes them suitable for systems with delocalized electrons. In addition, since the kinetic 

energy term in a one-particle Hamiltonian is diagonal in reciprocal space, the calculation 

can be sped up by efficiently transforming the density and wave functions between real 

and reciprocal spaces using fast Fourier transforms (FFT).  

Along with these advantages, they also have some limitations. They cannot be efficiently 

used to describe the rapidly oscillating wave functions near atomic cores. To address 

this issue plane waves are often used in conjunction with pseudopotentials.  

The Gaussian plane wave approach (GPW) implemented in the CP2K package 

combines the advantages of Gaussian and plane wave basis sets82. The atom-centered 

Gaussian-type orbitals describe the wave functions and plane waves describe the 
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electron density83. By representing the density with plane waves, an FFT scheme can be 

used to solve Poisson equation efficiently and to obtain the electrostatic Hartree energy 

in a time that scales linearly with system size.   

2.1.4. Pseudopotentials 

The core electrons are replaced by pseudopotentials in order to minimize the size of the 

plane wave basis set. Requirements for pseudopotentials are:  

1. They must form an accurate representation of the long range interactions of the core 

electrons. 

2. They must produce a pseudowavefunction that approaches the full wavefunction 

outside a core radius. 

3. The pseudopotential as well as wavefunction should be smooth inside the core to 

allow for a small plane wave cut-off energy. 

4. The pseudopotential should be transferrable i.e. the same pseudopotential can be 

used in calculations for different chemical environments, resulting in calculations with 

comparable accuracy. 

Norm-conserving pseudopotentials84, 85 satisfy these requirements. One such scheme 

implemented in the CP2K package is the Goedecker, Teter, and Hutter (GTH) 

pseudopotential86.  It introduces a way to optimize a small set of parameters for the local 

and non-local parts of the pseudopotential, which satisfies the above mentioned 

requirements and leads to a highly transferrable pseudopotential. The local part has an 

analytical form 
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where Zion is the ion charge,     

€ 

r = r / rloc  and erf is an error function. The non-local part is 

given by 
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where Ylm are the spherical harmonic and     

€ 

pi
l (r ) the normalized radial Gaussian 

projectors. The projectors are the products of a Gaussian and a polynomial. These 

pseudopotentials have an analytical form in Fourier space and they offer an optimal 

compromise between the good convergence in real space and Fourier space.  

2.2. Ab Initio Molecular Dynamics 

In electronic structure calculations, the motion of electrons in the field created by 

stationary nuclei is analyzed using quantum mechanical methods. However for 

understanding systems involving making and breaking of bonds nuclear dynamics is 

also important and must be taken into consideration. Classical molecular dynamics is the 

normal choice for simulating many body systems. It uses predefined forces to treat 

interatomic interactions in the system. Parametrizing force fields is a tedious task since 

all different types of interatomic interactions have to be taken into account along with the 

changes in bonding patterns during the course of the simulation87, 88.  One of the ways 

this problem is dealt with is by calculating the forces acting on the nuclei ‘on-the-fly’ as a 

molecular dynamics trajectory is generated. This approach is called ab initio molecular 

dynamics (AIMD). Another way is to use reactive force field approach in which some 

knowledge about the process being studied is required to design a working scheme89, 90 

unlike in case of AIMD where a prior knowledge of the system is not required to carry out 

the simulations.  

Although AIMD allows simulating chemically complex systems, the time and length scale 

that can be sampled are significantly limited. Different approximations proposed for 

solving the time-dependent Schrödinger equation are Ehrenfest, Born-Oppenheimer, 

and Car-Parrinello molecular dynamics91. A detailed explanation of these different AIMD 

schemes can be found in ref. [91]. In principle, any of these approaches can be coupled 

with any electronic structure method. In the CP2K package, the Born-Oppenheimer 

approach is used in conjunction with the DFT method. The basics of DFT have already 
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been discussed above and the basics of Born-Oppenheimer molecular dynamics 

(BOMD) will be discussed in brief in the following paragraph.   

In BOMD, the static electronic structure problem is solved in each molecular dynamics 

step for a set of fixed nuclear positions at a given instant. Thus, the time independent 

Schrödinger equation is solved followed by propagation of the nuclei via classical 

molecular dynamics at every time step91. Unlike other MD schemes (Ehrenfest, CPMD) 

the time dependence of the electronic structure is a consequence of nuclear motion. The 

equations of motion used in this approach are given by 
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MI
d2RI (t)

dt 2 = −∇I min
ψ0

ψ0 | He |ψ0 ,     (2.32) 
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E0ψ0 = Heψ0.       (2.33) 

The wavefunction has to be optimized at every time step of the simulation. The 

constraint for energy minimization with respect to orbitals, is given by 
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min
ψ i

ψ0 | He |ψ0 |ψ i |ψ j =δ i, j
.     (2.34) 

This can be incorporated into the Lagrangian of the system, 

 
 

    

€ 

L = − ψ0 | He |ψ0 + Λi, j ( ψi |ψ j −δi, j ),
i, j
∑      (2.35) 

where     

€ 

Λi, j  are Lagrange multipliers, which impose the orthonormality condition on 

orbitals. The equations of motion for the BOMD in conjunction with DFT obtained by 

variation of the Lagrangian can be expressed by 

       

€ 

MI
d2R(t)

dt 2 = −∇I min
ψ I

ψ0 | He
KS |ψ0 ,       (2.36) 

         
    

€ 

0 = −He
KSψi + Λi, j ψ j .

j
∑       (2.37) 



 

37 

Equation 2.36 can either be directly diagonalized or non-linear optimization techniques 

can be used for minimization. 

2.3. Metadynamics 

In conventional molecular dynamics simulations, the system remains close to the 

minimum energy position and very long trajectories are required to observe the events 

that involve barrier crossings with high activation energy. In order to observe rare events 

such as proton transfer very long trajectories are required and ‘on the fly’ calculation of 

forces make it computationally very demanding. Several methods such as umbrella 

sampling92, thermodynamics integration93, 94, transition path sampling95 or adaptive force 

bias96, 97 have been proposed to accelerate simulations of rare events. These 

approaches, although very powerful, need a careful choice of ‘collective variables’ (CV). 

A CV is analogous to a reaction coordinate and is used to distinguish the initial state of 

the system from the final state. If an important variable is forgotten, CV-based methods 

suffer from hysteresis and a lack of convergence.  

In 2002, Laio and Parrinello proposed a new method, which they named 

‘metadynamics’, for calculating free energies and accelerating simulations of rare 

events98. Unlike in case of other potential bias methods where the CV space is explored 

sequentially and systematically following a predefined scheme, in metadynamics, the 

free energy is reconstructed recursively, starting from the bottom of the well by 

performing a history-dependent random walk that explores a larger portion of 

configuration space99. As a result metadynamics is very efficient in studying rare events 

in many body systems. It uses a coarse-grained dynamics in a space of a few time-

dependent CVs to simulate the system trajectory. This method also requires a careful 

choice of CVs. It is capable of handling several CVs simultaneously99. The system 

dynamics in the space of CVs is enhanced by a history-dependent potential, constructed 

as a sum of Gaussians centered along a trajectory followed by CVs.  

The metadynamics simulation is started typically from a minimum energy structure of the 

simulated molecular system. The method involves adding small Gaussian potential 

functions in a controlled way to the explored part of the potential energy surface of the 
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system. The added potentials force the system away from low-lying potential regions of 

the original systems that are frequently visited; adding Gaussian potential functions to 

the free energy results in an efficient sampling of the space. To perform metadynamics, 

collective variables (CVs), which help to distinguish the initial and the final structure, are 

defined. Examples of CVs are bond distances, coordination numbers etc99.  

          

 
Figure 2-1. Schematic drawing of a simple potential (or free) energy profile; 

small bumps illustrate Gaussian functions that are added in regular 
time intervals of the metadynamics simulation; parts a-c represent a 
time series, illustrating Gaussians that have been added after 
different times of the simulation. Fig. 2.1c illustrates the state where 
a sufficient number of Gaussians have been added so that the free 
energy surface (original surface plus sum of Gaussians) assumes a 
diffusive state. At this point, the metadynamics run is completed. 

The properties of the system are explored as a function of collective variables (CVs) 

    

€ 

Sα (x) , where     

€ 

α = 1,n  is the number of CVs, assuming that they provide a good coarse-

grained description. The equilibrium behaviour of these variables is defined by the 

probability distribution written as 

            

€ 

P(s) =
e−1/TF(s)
e−1/TF(s)∫ ds

,       (2.38) 

Here, s denotes the n dimensional vector of CVs and the free energy F(s) is given by 

    

€ 

F(s) = −T ln δ(s −S(x)) exp −
1
T

V(x)
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ dx∫

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,    (2.39) 
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where S denotes the function of the primary coordinates and s represents a given value 

of the CVs. The metadynamics potential due to the added Gaussian functions can be 

expressed as 

€ 

      

    

€ 

VG(S(x),t) = w exp −
(S(x) − s(t ' ))2

2(δs)2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,

t '=τG ,2τG ,...

∑      (2.40) 

where w is the height and  is the width of the Gaussian added. Gaussians are added 

in time intervals   

€ 

τG . 

The added Gaussian functions fill up the potential well forcing the system out of the well. 

After a sufficiently long time, i.e., when the entire free energy profile is filled and the 

dynamics becomes diffusive, the underlying free energy can be estimated as  

    

€ 

lim
t→∞

VG(s,t) ≈ −F(s).      (2.41) 

The addition of these Gaussians can result in the inhomogeneous distribution of 

temperature within the system resulting in unstable dynamics. To avoid this problem a 

fictitious particle,   

€ 

ʹ′ s , is introduced for each CV as an extra degree of freedom. The 

fictitious particle is coupled to the system by a harmonic potential of the form 

        

€ 

1
2

k( ʹ′ s −S(x))2,        (2.42) 

where k is the spring constant. The particle of mass M is also assigned a kinetic energy 

given by 

    

€ 

1
2

M
d2 ʹ′ s 
dt2 .       (2.43) 

The modified potential and Lagrangian of the system are given by 
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€ 

ʹ′ V (x, ʹ′ s ) = V(x) +
1
2

k( ʹ′ s −S(x))2,      (2.44) 

    

€ 

L = LCPMD + Mα

d2 ʹ′ s α
dt2 − ʹ′ V (x, ʹ′ s ).

α

∑       (2.45) 

In the limit of very strong coupling between the fictitious particle and the collective 

coordinate, the free energy of the system can be obtained by performing metadynamics 

on an extended Lagrangian system 

    

€ 

lim
k→∞

ʹ′ F ( ʹ′ s ) = F( ʹ′ s )        (2.46) 

The performance of the simulation depends on the choice of CVs, fictitious particle 

parameters as well as the parameters of Gaussian functions.  

For convergence of the metadynamics run, CVs need to be chosen carefully. The 

program allows the use of more than one CV. Too many CVs may lower the efficiency of 

the simulation. The CV should be chosen such that initial, intermediate and final 

configurations of the system could be clearly distinguished. 

The accuracy of the simulation depends on the choice of the spring constant, k, and the 

mass M of the fictitious particle. These parameters should be chosen such that the 

motion of the fictitious particle is adiabatically decoupled from that of the actual CV. 

Larger values of k and M, which lead to slower motion of the fictitious particle, are 

therefore desirable. However, for a large value of k, the integration time step has to be 

small, which lowers the efficiency of the calculation. Likewise, a large value of M slows 

down the simulation. It is thus a pivotal task to identify the optimal values of these 

parameters for achieving high accuracy and efficiency of the simulation. 

The efficiency and the accuracy with which the metadynamics potential fills up the 

underlying free energy surface, depends on the height and width of the Gaussians as 

well as the rate at which these Gaussians are deposited. Too small Gaussian functions 

take a very long time to fill the underlying free energy well thus lowering the efficiency of 

the simulation. The use of too large Gaussian functions is not helpful, as the system 



 

41 

needs more time to relax before the next Gaussian function could be added, which again 

results in lower efficiency. In order to get a reasonable value for the width of Gaussian 

functions, MD simulations have been performed to estimate the width of the free energy 

well, from which the Gaussian width is estimated. Parameters used in simulations will be 

discussed in Chapter 3. 
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Chapter 3.  
 
Model System 

As discussed in Chapter 1, the aim of this project is to understand the mechanisms of 

proton transport in polymer electrolyte membranes under low levels of hydration or 

elevated temperature. In order to gain an understanding at a molecular level, a simplified 

model system has to be considered. Previously, Eikerling et al100 used a triflic acid 

monohydrate solid with a regular crystal structure as a model system for studying proton 

transport. They calculated an activation energy of 0.3 eV for the formation of a defect 

leading to proton transport through the system. In these calculations, chemical 

composition and water content of the crystal were fixed. 

Our model system is based on the architecture of Nafion membrane and is inspired by 

the above-mentioned work. The structural evolution of perfluorinated sulfonic acid 

membranes such as Nafion from nanoscale to microscale is shown in Fig. 3.1. A 

schematic of an ionomer with a hydrophobic backbone and sidechains terminated with 

hydrophilic sulfonic acid groups is shown in the left panel of the figure. Upon absorption 

of water, phase-segregation of hydrophobic and hydrophilic domains leads to the 

formation of fibrillar polymeric aggregates as shown in the central panel of the figure. 

Random interconnections between these fibrils lead to the formation of a heterogeneous 

morphology at the microscale.  

 



 

43 

 
Figure 3-1. Evolution of perfluorinated polymer on water absorption from 

nanoscale to microscale. A polymer strand with a hydrophobic 
backbone with acid terminated sidechains, shown in the left panel, 
forms a polymeric aggregate with fibrillar structure shown in the 
middle. We have mapped the surface of a fibril onto a regular 
hexagonal array and represented sidechains by minimally hydrated 
CF3SO3H surface groups. A side view of a triflic acid SG in ionic 
form is shown to the right of the model system. Blue circle indicates 
C atom, yellow circles indicate F atoms, red circle indicates S atom, 
white circles indicate O atoms and orange circles indicate H atoms. 

 

So our model system consists of a regular hexagonal array of minimally hydrated triflic 

acid (CF3SO3H) surface groups (SG). In order to simulate minimal hydration conditions, 

we added one water molecule per SG. 

polymer strand fibril polymeric aggregate 

model system 

hydrophilic domain hydrophobic domain 
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3.1. Previously Published Results 

The formation energy for the minimally hydrated array with a unitcell consisting of 3 SGs 

were calculated as a function of dCC, distance between neighbouring carbon atoms of 

SG101. The formation energy, Ef, is defined as the difference between the optimized total 

energy at a given dCC value, Etot, and the total energy of a system of three independent 

SGs with one water molecule per SG, corresponding to the limit of infinite separation, 

. 

       (3.1) 

At high SG density corresponding to small values of dCC, an upright structure (see Fig. 

3.2) was found to be the most stable state. At larger dCC values, a tilted structure, as 

shown in Fig. 3.2, had lower energy than the corresponding upright structures since the 

tilting of SG helps in keeping the hydrogen bonds intact unlike when SG are in an upright 

position. As shown in Fig. 3.2, a transition from completely dissociated upright structure 

to a non-dissociated upright structure was observed at a dCC value of 7.2 Å whereas a 

transition from dissociated tilted to partially dissociated tilted was observed at 8.7 Å, 

where only one SG out of 3 is dissociated. A further transition to a non-dissociated tilted 

structure was observed at a SG separation of 9.2 Å. At  dCC ~ 6.6 Å the upright and tilted 

structure were found to have same energies. Similar trends in structures were found with 

longer sidechains namely CF3CF2SO3H, CF3CF2CF2SO3H and CF3OCF2CF2SO3H102. In 

a unit cell containing 3 sidechains as highlighted in Fig. 3.2, a structural transition from 

an upright to tilted structure occurs when a hydronium ion undergoes a lateral shift and a 

flip over its back.  

At dCC < 7.4 Å, one water molecule per SG is sufficient to form a water bridged hydrogen 

bond network of SGs with an optimum of 3 hydrogen bonds per SG. A plot of the 

number of hydrogen bonds per unit cell as a function of dCC is shown in Fig. 3.3. At 

larger SG separations, 7.4-10.5 Å, a single water molecule per SG is not sufficient for 

the ionization of SGs. The upright structure at these separations is highly unstable since 

it cannot form the optimum number of hydrogen bonds. The tilted structure, although 

more stable than the upright structure, also becomes unstable with increasing dCC due to 
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the deviation from optimum number of hydrogen bonds per SG. As a result the SGs are 

not connected by a network of hydrogen bonds and are almost independent of each 

other at larger SG separations. 

 

Figure 3-2. Formation energy (Ef) per unit cell of the minimally hydrated 
interfacial layer of CF3SO3H  groups as a function of the separation 
between surface groups, dCC.  Dissociated upright and tilted 
structures at dCC = 6.6 Å are shown in the lower panel. The dashed 
line in the snapshot of the upright structure indicates a 3 SG unit 
cell used in the calculation of formation energies. “Reprinted with 
permission from (Roudgar, A.; Narasimachary, S. P.; Eikerling, M., J. 
Phys. Chem. B 2006, 110, 20469). Copyright (2006) American 
Chemical Society.” 

Along with the structural transition, a wetting transition was also observed. The binding 

energy of an additional water molecule to the minimally hydrated interface was 

calculated as shown in Fig. 3.4. At dCC < 6.5 Å, the binding energy of an additional water 

molecule with the minimally hydrated SG interface was found to be < 0.1 eV, 

significantly smaller than the free energy of breaking two hydrogen bonds in liquid water, 

which is ~0.5 eV. A sharp transition from weak binding of an additional water molecule to 

strong binding was observed at dCC ~ 7 Å.  The highest binding energy of 0.92 eV was 

obtained at dCC = 7.4 Å. This transition from hydrophobic to hydrophilic interface occurs 
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in conjunction with the decrease in number of hydrogen bonds per unit cell. This 

indicates that the 2D array of SGs form a stable interfacial structure even with only one 

water molecule per SG when the SG separation is small enough (dCC < 7 Å) to form a 

hydrogen bond network. 

    

Figure 3-3. Number of hydrogen bonds per unit cell as a function of SG 
separation, dCC for upright and tilted structures. “Reprinted with 
permission from (Roudgar, A.; Narasimachary, S. P.; Eikerling, M., J. 
Phys. Chem. B 2006, 110, 20469). Copyright (2006) American 
Chemical Society.” 

The transition observed at dCC ≈ 6.6 Å from upright structure to tilted structure (see Fig. 

3.2) is not barrierless103. A sequence geometry optimization was performed to calculate 

the barrier energy for flipping of hydronium ion from upright structure as a function of 3 

collective coordinates: (1) lateral shift of hydronium ion, (2) rotational angle of the SG 

and (3) tilting angle of the SG. An activation energy of 0.55 eV was obtained from these 

calculations. These calculations did not include the effect of system dynamics. A 

concerted rotation/tilting of acceptor/donor SG was observed during the transfer of a 

hydronium ion. The hydronium flip studied in this simulation was just a single step in the 

process of long-range proton transfer. It was suggested that a sequence of such steps 

would lead to long-range proton transport. The detailed mechanism is proposed in the 

next chapter. 
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Figure 3-4. Binding energy of one additional water molecules as function of dCC. 

A wetting transition from superhydrophobic to hydrophilic interface 
occurs at dCC ~ 6.5 Å. “Reprinted with permission from (Roudgar, A.; 
Narasimachary, S. P.; Eikerling, M., J. Phys. Chem. B 2006, 110, 
20469). Copyright (2006) American Chemical Society.” 

All these calculations were performed in a unit cell defined with 3 SGs as shown in Fig. 

3.2. In this unit cell the donor and acceptor surface groups are identical due to the 

defined periodic boundary conditions. As a consequence of these periodic boundary 

conditions, a transition of a hydronium ion in a 3 SG unit cell results into one third of all 

the hydronium ions undergoing transition concertedly.  

In order to evaluate the concertedness of hydronium ion transitions when not imposed 

by the periodic boundary conditions, a bigger unit cell was used where the donor and 

acceptor SG are not identical and can move independent of each other. To include the 

effect of system dynamics, ab initio molecular dynamics simulations are necessary. 

However, proton transfer is a rare event and very long simulations need to be run. In 

order to avoid this timescale problem, ab initio metadynamics simulations were used in 

this work to calculate the barrier energy for transfer of hydronium ion. To get a detailed 

understanding of the proton transport mechanism, different cases of proton transport 

were studied. In Chapter 4, comparative results of local defect-type transition and a 

perfectly concerted, collective transition are presented104. The two transitions represent 

two limiting cases and calculations were performed using a 3 SG unit cell for the 

collective transition and a 12 SG unit cell for a local defect-type transition. The activation 

energy of proton transfer in a real system is expected to lie in between the values 

obtained for these two cases.  
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These results were then incorporated into a soliton theory developed in parallel for 

describing collective proton transport through the minimally hydrated and highly charged 

interface72, 105. Thereafter, the effect of SG density on the activation energy and on the 

mechanism of proton transport was studied. The results are presented in Chapter 5. The 

frequency spectra were obtained for stretching of O-H bonds and tilting of SGs by taking 

the Fourier transform of velocity autocorrelation functions. The stretching frequency 

spectra at different SG densities were compared to understand the effect of SG density 

on the strength of hydrogen bonding in the system. The tilting frequency spectra of SGs 

were used to determine the strength of coupling between the neighbouring SGs as a 

function of SG density. The hydronium transitions discussed in Chapters 4 and 5 were 

studied starting from an upright structure. Results of barrier energy calculations for 

hydronium transitions from a tilted structure at different SG densities are discussed in 

Chapter 6.  

The computational details are described in the following section.  

3.2. Computational details 

I performed ab initio metadynamics simulations at the DFT level, using the CP2K 

package82, to calculate activation energy barriers for the translocation of hydronium ions.  

The CP2K package uses a mixed Gaussian and plane wave method106. The valence 

electrons are represented by double-ζ augmented Gaussian basis sets (DZVP-

MOLOPT)107. The pseudopotential of Goedecker, Teter and Hutter (GTH) represents 

core electrons86. The energy cut-off of plane-wave expansions was 300 Ry. Exchange 

and correlation energies were computed within the GGA approximation using the BLYP 

functional78. For every time step, the electronic structure was quenched to an accuracy 

of 10-7 Hartree. The optimized structures were thermalized for ~3 ps. The temperature 

was set to 300 K using a Nose-Hoover thermostat and the timestep was set to 0.5 fs. In 

the metadynamics Lagrangian, we used a coupling constant k = 0.4 au and a fictitious 

particle mass M = 75 au. Gaussian potentials with height h = 0.013 eV and width Δδ = 

0.014, 0.02, 0.016 Å for dCC 6.4, 6.6 and 6.8 Å respectively were used. The height of 

Gaussians was chosen such that it is large enough to reduce the computational cost and 
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small enough to conserve the total energy of the system. The width was calculated from 

an approximately 3 ps long metadynamics trajectory, where Gaussian functions with 

zero height were added. The size of fluctuation of the CVs was then used to estimate the 

Gaussian width using 

        (3.2) 

where s is the value of the collective variable. Addition of consecutive Gaussians was 

done when the displacement of CV relative to the previous state reached 3Δδ/2.  
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Chapter 4.  
 
Disconcerted versus Concerted Proton Transfer 

In this chapter, results of two limiting cases of hydronium ion transitions, namely, 

disconcerted transfer leading to a formation of local hydrogen bond defect and concerted 

transfer where the number of hydrogen bonds per unit cell are conserved, will be 

discussed. The soliton model for collective proton transport developed by A. Golovnev in 

parallel to the metadynamics simulations will also be presented. 

4.1. Interfacial Hydronium Transitions 

An intuitive graphical representation of possible interfacial hydronium transitions on the 

2D lattice at dCC ≈ 6.6 Å is shown in Fig. 4.1. Filled blue triangles represent mobile 

hydronium ions and vertices marked with red dots correspond to SO3
- ions. A red dot 

surrounded by three blue triangles indicates that a SG is bonded to three hydronium 

ions. A native upright structure, from which hydronium ion transitions are studied, is 

shown in Fig. 4.1a. 

As shown in Fig. 4.1b, a local, defect-type hydronium ion translocation creates a 

hydrogen bond deficit at the donor SG and an extra hydrogen bond at the acceptor SG. 

During this transition, the hydrogen bond structure of remaining SGs is not altered. A 

hydrogen bond defect structure created by such a transition is energetically unstable and 

it can be remedied by a reverse transition of the hydronium ion. However, a subsequent 

transfer of a hydronium ion bonded to an acceptor SG can propagate this hydrogen 

bond defect so that the acceptor SG now has the optimal number of 3 hydrogen bonds 

and the new acceptor SG has an excess hydrogen bond. A sequence of such 

elementary hydronium ion translocations will lead to a long-range interfacial proton 

transfer.  
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Figure 4-1. Lattice configurations of the 2D two-component lattice of H3O+ and 

SO3
- ions. The native 2D crystal structure in (a) is shown at dCC ≈ 6.6 

Å. In the introduced symbolic representation, blue triangles indicate 
hydronium positions and red dots represent positions of sulfonate 
anions, (b) the structure after completion of a single hydronium ion 
move and (c), (d) structures obtained after collective hydronium ion 
translocations as single file and parallel file proton transfer. 
“Reprinted with permission from (Vartak, S.; Roudgar, A.; Golovnev, 
A.; Eikerling, M., J. Phys. Chem. B 2013, 117, 583.). Copyright (2013) 
American Chemical Society.” 

Figure 4.1c shows a final structure after collective single file hydronium ion transfers, 

which are enforced by strong interfacial hydrogen bonds. This mode of hydronium ion 

transfer conserves the number of hydrogen bonds per unit cell. In a defect-type 

translocation, original structure can be restored rather easily by a reverse transition of 

the hydronium ion whereas in a collective mode restoring an original structure is less 

likely since several hydronium ions are involved in this transition. Also, further proton 

transport along the same string of SGs is not possible. However, similar hydronium ion 

translocations along other chains of SGs are possible as shown in Fig. 4.1d. The 

collectiveness of the hydronium ion transition depends on the hydrogen bond strength in 

the system and we expect this to have an influence on the activation energy of the 

hydronium ion transition. In case of very strong hydrogen bonds, high activation energy 

will be required for hydronium ion transitions whereas weak hydrogen bonds will affect 

collectiveness of the transition. In our model system, an activation energy of 0.5 eV was 

calculated for a hydrogen bond breaking between a hydronium ion and a SG103. High 

density of SGs results in shorter hydrogen bonds with O-O distance ~2.6 Å rather than in 

2.85 Å in water and 2.75 Å in ice,. The shorter O-O distance results in higher energy 

required to break hydrogen bonds in comparison to the activation energy of ~0.1 eV for 

proton transfer in water. On the other hand, a shorter separation leads to a stronger 
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coupling between hydronium ions in the system and as a result  the collective mode of 

proton transport should be seen. 

We have investigated two extreme scenarios, corresponding to local-defect-type (Fig. 

4.1b) and highly collective transition (Fig. 4.1d). In both cases, the initial structure was 

the perfectly ordered condensed state (upright structure) at dCC ≈ 6.6 Å (Fig. 4.1a). We 

performed laborious metadynamics runs to test appropriate CVs from the set of degrees 

of freedom and to fine tune metadynamics parameters. We tested CV corresponding to 

tilting of SGs, distance between hydronium ion and donor SG, two CVs for simultaneous 

displacement of two hydronium ions. As a conclusion from these studies, we have 

selected a single metadynamics CV, namely, a distance function for lateral hydronium 

ion shift, as defined by CV = d12 − d23, where d12 is the distance between C atom of 

donor SG and O atom of hydronium ion and d23 is the distance between C atom of an 

acceptor SG and O of the hydronium ion as shown in Fig. 4.2b. 

(a) (b)  

Figure 4-2. (a)The dashed lines indicate the unit cells. Smaller rectangle 
corresponds to a 3SG unit cell and the bigger rectangle represents 
12SG unit cell. (b) The collective variable (CV) used in the 
metadynamics simulations. d12 is the distance between C atom of 
the donor SG and O of the hydronium ion and d23 is the distance 
between C atom of the acceptor SG and O of the hydronium ion. 

Local defect-type and collective transitions were simulated using unit cells of 12 and 3 

SG respectively1. In a smaller unit cell, the donor and acceptor SGs are identical due to 

the applied periodic boundary conditions. This leads to a collective transition of one third 

of all hydronium ions in the system. In a 12 SG unit cell, the donor and acceptor SGs are 

 
1 The critical SG separation in a 3 SG unit cell is 6.7 Å and 6.6 Å in a 12 SG unit cell. 
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not forced to behave identically by the periodic boundary conditions. So, the 

collectiveness of the transition in this case will be decided by the strength of the 

hydrogen bonds in the system.  

4.2. Simulation Results 

Figure 4.3 shows trajectories of the CV, the lateral hydronium ion shift, for the two 

transitions. The fluctuations in CV values indicate the displacement of hydronium ion 

away from the donor SG. It shows that hydronium ion oscillates near its equilibrium 

position where it is bonded to the donor SG until the potential minimum is filled with the 

Gaussian functions and the activation barrier can be overcome. Transitions were 

completed within 115 ps for the local defect-type and 45 ps for the collective pathway. 

Reconstructed Helmholtz free energy profiles as a function of the CV along with 

snapshots of configurations during transitions are shown in Fig. 4.4. Relocation 

distances of hydronium ions during the transitions are ~4 Å.  

 
Figure 4-3. Trajectories of the real (red) and fictitious (black) collective variable 

as a function of simulation time. The trajectory in (a) corresponds to 
a local defect-type H3O+ ion translocation (Dn). The transition to this 
state was studied for a unit  cell with 12 SGs. The collective transfer 
in (b), resulting in structure DC, as shown in Fig, 4.4, was studied for 
a unit cell with 3 SGs. “Reprinted with permission from (Vartak, S.; 
Roudgar, A.; Golovnev, A.; Eikerling, M., J. Phys. Chem. B 2013, 117, 
583.). Copyright (2013) American Chemical Society.” 

The activation energy of a local, defect-type transition, shown in the left panel of Fig. 4.4 

is ΔFa = 0.6 eV. The final state of this transition (Dn) is metastable. For the collective 

transition (see right panel of Fig. 4.4), the activation energy is ΔFa = 0.3 eV. The 

computational error in the activation energy is 0.1 eV. The value of ΔFa for the collective 

transition is two times larger than the activation energy of proton transport in bulk water 
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(0.1 eV). This higher activation energy is the result of shorter and stronger hydrogen 

bonds in this system compared to that in liquid water.  

The formation of a rather unstable structure after a disconcerted transfer of a hydronium 

ion indicates that the reversion of the hydronium ion, restoring the initial structure, is 

more likely to happen than a further propagation of the bond defect formed in the 

system. On the other hand, it is expected that a collective hydronium ion translocation at 

the interface could give high total rates of proton transfer since the probability of back 

transition is minimal due to the large reorganization of surrounding SGs. However, the 

total energy of such a transfer would be large depending on the number of hydronium 

ions translocating at once. Thus the strength of hydrogen bonds and the energy cost for 

creating the soliton will determine the collectiveness of the transition. 

 
Figure 4-4. Reconstructed free-energy surfaces for (left panel, l) local defect-

type and (right panel, r) collective H3O+ ion translocations, 
corresponding to the trajectories in Fig. 4.3. Snapshots show 
structures at points A, B, C, and Dn/c marked at the trajectories in 
Fig. 4.3 as well as at the free-energy profiles. The subscripts n and c 
correspond to non-concerted and concerted transitions. “Reprinted 
with permission from (Vartak, S.; Roudgar, A.; Golovnev, A.; 
Eikerling, M., J. Phys. Chem. B 2013, 117, 583.). Copyright (2013) 
American Chemical Society.” 

The collective transition studied through this metadynamics simulation is a single step in 

a long-range proton transfer process. A sequence of steps that could lead to long-range 

proton transport is shown in Fig. 4.5. The structures A and D are the upright structures 

and B and C are the tilted structures. At a critical SG separation of 6.7 Å, all 4 structures 

have identical energy. Due to the same energy of the 4 structures, an upright-to-tilted (A 
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 B) and tilted-to-upright transition (C  D) should have identical barriers and we 

expect that the tilted to tilted transition (B  C) should have a similar barrier as well. A 

concerted transfer of hydronium ions studied here corresponds to the transformation of 

the upright structure A into the tilted structure B where flipped hydronium ions are 

indicated by pink triangles. A subsequent concerted transfer of a second set of 

hydronium ions transforms structure B to C and finally the transition of the third set of 

hydronium ions will complete the sequence of steps in long-range proton transfer. 

        
Figure 4-5. The three-step hydronium transport mechanism. Blue triangles 

show hydroniums located at their initial positions and pink triangles 
represent flipped hydroniums ions. Red dots represent SGs and the 
lines are highlighting 3SG unit cell. A and D represent upright 
structures and B, C represent tilted structures. 

4.3. Frequency Spectrum Calculations 

The increased hydrogen bond strength is manifested in the lowered stretching frequency 

of covalent O-H bonds in hydrogen-bonded systems due to the weakening of the 

covalent O-H bond. We calculated O-H stretching frequencies by taking Fourier 

transform of the velocity autocorrelation function. Hydrogen bond length fluctuations 

cause the covalent O-H bonds to elongate/compress, thereby giving rise to different 

A 

B 

D 

C 
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absorption bands in the spectrum.  

The velocity autocorrelation function (VAF) is a time-dependent correlation function that 

reveals the nature of dynamic processes in a molecular system. It can give an 

understanding of the strength of correlations between different species in the system.  

The VAF can be calculated from molecular dynamics trajectories. The trajectory lists the 

atomic positions at every time step of the simulations, which can be differentiated 

numerically to calculate the velocity of each atom. The VAF can then be calculated as an 

average of scalar products of velocities as follows 

    
      

€ 

VAFi (t) =

 
v i (0)⋅

 
v i (t)

 
v i (0)⋅

 
v i (0)

,VAF(t) = VAFi (t),
i
∑          (4.1)   

where       

€ 

 
v i (0)  is an initial velocity of the ith atom and       

€ 

 
v i (t)  is its velocity at time t. The 

average is calculated over various MD steps chosen for       

€ 

 
v i (0)  and       

€ 

 
v i (t) . VAF is usually 

plotted as a function of time. In a system of non-interacting particles, the particle will 

retain its velocity all the time due to the absence of collisions between different particles, 

which would lead to a transfer of energy between them. The VAF for non-interacting 

particles will have a constant value, indicating weak forces acting in the system. On the 

other hand, in condensed phases of solids and liquids, where atoms are closely packed 

together, interactions between atoms have a strong impact on atomic velocities, giving 

rise to characteristic features in the VAF. The rate of decay of the VAF gives an idea 

about the strength of intermolecular forces in the system and a Fourier transformation of 

this function gives the frequencies of the underlying molecular processes, 

    

€ 

I(ω) = eiωt VAF
0

∞

∫ (t)dt.       (4.2) 

The absolute value of the intensity does not have a physical relevance but the relative 

heights of the peaks give information about abundance of specific frequency modes. 

We calculated stretching frequency spectra for a spectator O-H bond, which is an O-H 
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bond of a hydronium ion not undergoing flipping and a directly involved O-H bond, that 

is, the O-H bond of a hydronium ion undergoing flipping, as indicated in Fig. 4.6. As 

shown in the figure, we observed three bands for spectator O-H bonds in the 100-4000 

cm-1 range: (1) the most intense band lies in the 130-1330 cm-1 range with a peak 

around 675 cm-1, (2) a band with lower intensity is seen in the 1450-2260 cm-1 range 

with a peak at ~1720 cm-1, and (3) the lowest intensity band lies in the 2450-3600 cm-1 

range. An additional peak at ~3720 cm-1 was observed for the directly involved O-H 

bond. The added Gaussian potentials elongate the hydrogen bond between the 

hydronium ion and the donor SG, as a result of which the stretching frequency of O-H 

bond shifts to a value closer to that of water. These peaks can be assigned to different 

stretching modes by comparing our results with experimental as well as computational 

studies reported in the literature for different hydrogen bonded systems108-113. 

 

 
Figure 4-6. Stretching frequency spectra of O-H bonds obtained from a Fourier 

transform of velocity autocorrelation function. Spectator and 
directly involved O-H bonds are indicated with red and blue ellipses 
in the structure. “Reprinted with permission from (Vartak, S.; 
Roudgar, A.; Golovnev, A.; Eikerling, M., J. Phys. Chem. B 2013, 117, 
583.). Copyright (2013) American Chemical Society.” 

Infrared (IR) absorption spectroscopic studies of sulfuric acid and triflic acid solutions 

have been performed under different dilution conditions. The studies show that the 

degree of association between acid and water molecules via hydrogen bonding affects 

the vibrational frequencies. The formation of hydrogen bonds leads to a lowering of O-H 

stretching frequencies. The O-H stretching frequency of monomeric H2SO4 and 

CF3SO3H are observed at ~3600 and 3585 cm-1 respectively111-113. Going from 

monomeric acid molecules to the liquid state of these acids, the O-H stretching is 
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observed to shift to lower wavenumbers due to the formation of hydrogen bonds 

between S-OH groups of the acid molecules as shown in Fig. 4.7. 

 
Figure 4-7. Formation of hydrogen bonds between two molecules of triflic acid. 

As a result of such an interaction between acid molecules, a broad band due to O-H 

stretching is observed at ~3000 cm-1 for sulfuric as well as triflic acid108, 113-115. 

Balicheva et al109 performed a series of experiments with different compositions of triflic 

acid/water mixtures and observed the shifting of O-H stretching band in the measured IR 

spectra as shown in Table 4.1. 

Table 4.1. O-H stretching frequencies observed for CF3SO3H/H2O mixtures. nw 
and na represent number of moles of water and acid respectively. 

nw/na νOH, cm-1 
0.00 3050, 2380 

0.18 3010, 2390 

0.47 2820 

0.97 2775 

2.19 3050, 3145, 3420 

5.33 3055, 3137, 3480 

They observed two broad bands corresponding to O-H stretch, namely, a main band at 

3050 cm-1 and less pronounced band at 2380 cm-1 in anhydrous triflic acid. The O-H 

stretching frequencies of acid shifted to lower wavenumbers upon addition of water. On 

reaching a mole ratio of 1, a peak due to the formation of H3O+-CF3SO3
- complex was 

seen at 2775 cm-1, which is in agreement with that observed for a monohydrate crystal of 

triflic acid. Such a peak has also been observed for a vacuum dried short-sidechain 

PFSI membrane116 as well as a dehydrated Nafion membrane117. On further dilution, O-

H vibrational frequencies of water (>3000 cm-1) were seen in the spectra. Hayes and 

coworkers110 who performed path integral CPMD simulations on triflic acid hydrates 
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made a similar observation. They observed O-H stretching modes of water beyond a 

water/acid mole ratio of 3.9. 

Warren et al118 performed IR measurements on perfluoro (2-ethoxyethane) sulfonic acid 

(PES), a model Nafion sidechain molecule. They observed a broad, weak peak at 3300-

2500 cm-1 for anhydrous PES and attributed it to the O-H stretching mode, similar to that 

observed for sulfuric acid. On increasing the hydration level of PES from 0 to 20% RH, 

the spectrum resembled that of pure trifluoromethanesulfonic acid.  

Buzzoni et al108 investigated IR and Raman spectra of water molecules in Nafion 

membranes under different levels of hydration. The peak assignment was done by 

comparing these spectra with those of concentrated solutions of HCl, H2SO4 and 

CF3SO3H. Due to the absence of internal modes in case of HCl, the IR spectrum can be 

considered as a representative of the protonated water species. To understand the basic 

features of the IR frequencies of the protonated water species they divided the OH---O 

groups into three subgroups, based on O---O distance. The three categories correspond 

to ‘internal’, ‘external’ and ‘solvated’ groups, where O---O distances lie in the ranges of 

2.45-2.6, 2.6-2.7 and >2.7 Å respectively. They used the correlation between O---O 

distances and the stretching frequencies119 to assign the frequency ranges for OH---O 

species belonging to each of the three species. The part of the spectrum below 

frequency of 2000 cm-1 is associated to ‘internal’ groups, the absorption in the 3200-

3600 cm-1 region is assigned to the ‘solvated’ group and finally the middle region is 

associated to ‘external’ species.  

Thus by comparing our frequency spectrum with the categories proposed by Buzzoni et 

al108, we can assign the first peak to ‘internal’, second to ‘external’ and the broad, third 

peak to the ‘solvation’ hydrogen bonds. Our system does not have solvated hydrogen 

bonds. But this classification is used only on the basis of distribution of O-O distances in 

our system. From the relative peak heights, we see that the ‘internal’ or short hydrogen 

bonds are predominant in our system and the proportion of ‘solvation’ hydrogen bonds 

or long hydrogen bonds is the smallest. This means the hydrogen bonds in our system 

are stronger than normal hydrogen bonds in water.  
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4.4. Soliton Model for Collective Proton Transport 

The activation energy at a critical SG separation was obtained from ab initio 

metadynamics simulations. Ab initio simulations allow study of a system at a molecular 

level but these studies can be performed only on small model systems. As a result the 

microscopic properties obtained through simulations cannot be directly compared with 

experimental results. Thus we need a link between experiments and simulations. Hence, 

our work combines metadynamics simulations with the development of a soliton theory 

of interfacial proton transport. The objective of the theory is to calculate experimentally 

measurable quantities such as proton mobility and conductivity. The development of the 

theory was pursued by A. Golovnev72, 105 in parallel to metadynamics studies reported in 

the main part of this thesis. 

The metadynamics simulations have shown that a disconcerted transition gives rise to a 

hydrogen bond defect in the system, which is energetically unfavorable. Concerted 

transitions where the number of hydrogen bonds per SG is conserved exhibit much 

reduced activation energies. The free energy profile from metadynamics studies has 

been used as input in a soliton model for collective proton transport at a highly charged 

interface of sulfonic acid headgroups72.  

Soliton models have previously been used in explaining collective motion of protons 

along hydrogen bonds resulting in high interfacial proton conductivity in ice69, at 

Langmuir films70, and in one-dimensional hydrogen-bonded systems67, 68.  

The Hamiltonian for our two-component system of hydronium ions and SGs can be 

written as 

,          (4.3) 

where H and HSG are the Hamiltonians of hydronium and SG subsystems respectively, 

and HC represents the coupling between the two subsystems. However instead of 

explicitly considering HSG and HC, an effective potential created by SGs (V(uij)) was 

introduced in this model. Thus, the two dimensional Hamiltonian of the hydronium 
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subsystem is 
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where uij is the displacement of the i, j-th hydronium ion and m is the mass of the 

hydronium ion. The first term corresponds to the kinetic energy of hydronium ions. The 

next three terms describe the potential energy of interaction of hydronium ions with each 

other in the nearest-neighbour approximation with a coupling constant k, which depends 

on the strength of hydrogen bonds in the system. Owing to the hexagonal symmetry of 

the system, the three directions of hydronium displacement are equivalent. The last term 

represents the potential experienced by hydronium ions due to fluctuations of SGs. Due 

to the symmetric arrangement of SGs, the potential is a periodic function and the depth 

of this periodic potential well, ε, and the steepness of the potential walls depend on the 

strength of the hydrogen bonds between hydronium ions and SGs. In reference [73], 

different potential profiles as shown in Fig. 4.8 were considered and it concluded that the 

steepness and the size of the plateau do not affect soliton properties; the soliton 

properties are determined by the depth of the potential well, the coupling constant and 

the lattice constant.  The activation energy obtained from metadynamics simulation for 

the concerted transfer of hydronium ions was used for the depth of the potential well, ε. 

For a single file soliton, as shown in Fig. 4.1, Eq. 4.4 can be replaced by a one-

dimensional Hamiltonian as shown below 
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Assuming that the size of the soliton is much larger than the SG separation, dCC, the 

expressions for soliton energy, mobility and soliton size were obtained by solving the 

equations of motion derived from Eq. 4.5 in the continuum limit. 
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Figure 4-8. Different periodic potential profiles considered to evaluate their 

effect on soliton properties. “Reprinted with permission from 
(Golovnev, A.; Eikerling, M., J. Phys.: Condens. Matter 2013, 25, 
045010.). Copyright (2013) IOP Publishing.” 

 

The soliton energy and the size of the static kink are given by 
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where v is the soliton velocity and v0 is the maximum possible soliton velocity; E0 and N0 

are the energy and size of a static soliton given by 
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3
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ka2

2ε
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where a is the hydronium translocation distance.  

The expression for mobility is  

    

€ 

µ =
1
b
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2ε
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Figure 4. Sketch of the considered potentials.

For simplicity, we assume that V(u) is symmetric with respect
to a

2 . The configuration of surface groups changes during the
transition from an upright to a tilted configuration, [24], and
the potential is, therefore, not strictly symmetric. However,
it will be shown that this assumption is not crucial. For
notational convenience, we will assume potentials that satisfy
the conditions V( a

2 ) = 0, and V(0) ≡ V(a) = −�.
The constant A increases or decreases the value of the

expression under the square root in equation (8). If A < �,
the root becomes complex and the solution is unphysical.
If A > �, the integral in equation (8) diverges when u →
∞ since the integrand is always finite and positive. On the
other hand, if A = �, the integral diverges for V(u) = �, i.e.
u = 0 or u = a. In this case, the inversion of the solution
of equation (8) corresponds to a physical condition u → a at
ξ → ∞ describing a hydronium ion hop from one equilibrium
position to another.

What should the potential profile look like? For small
displacements of hydronium ions V(u) is harmonic. HB
breaking and reformation is responsible for the steep
ascending and descending flanks of the potential function. The
H3O+ ion shift occurs in the saddle point region representing
a plateau in the potential function; H3O+ ion shift involves
a flip of the H3O+ ion while its remaining two HB with
spectator SG remain intact. Relaxation of the interfacial
network occurs in the well region of the final state. Ab
initio simulations can suggest a possible potential function
for each particular system, but its dependence on system
parameters remains unknown. Therefore, we have evaluated
three different potential functions in relation to the properties
of the solution.

2.1. Potential V1(u)

This potential describes the limiting case of narrow potential
wells separated by a wide plateau. The interaction between
hydroniums and SGs is mainly due to HB breaking and
formation. When the bond is broken, the potential is constant,
see figure 4. The wide plateau region suggests diffusive
motion of hydronium ions between minima. The potential can

Figure 5. Dependence of hydronium ion displacement u on the
travelling wave co-ordinate ξ ≡ x − vt.

be parameterized in the form

V1(u) = −�

�
1

cosh2(λu)
+ 1

cosh2(λ(u − a))

�
. (9)

The constant λ is the inverse potential well width. It is
assumed that exp(λa) � 1, corresponding to a narrow well.
Integration of equation (8) from 0 to a

2 gives

√
2��ξ = ±1

λ
ln(sinh(λu)) + B, (10)

where B is an integration constant. After adding the
symmetric contribution coming from the neighbouring well
and cancelling the contribution of the plateau region which is
counted twice in the sum, we find
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The constant B = a
2 − ln(2)

λ is chosen to make the hydronium
ion relocate to the neighbouring potential well, i.e. u(ξ →
∞) − u(ξ → −∞) = a. Superscript (1) points out that this
solution corresponds to potential V1(u).

The coordinate dependence of hydronium ion displace-
ment is shown in figure 5. It consists of three parts: two
horizontal lines corresponding to two equilibrium positions
and an ascending line that represents the kink. The motion
of hydronium ions is highly concerted. The borders of the
kink are narrow and well defined. The size of the kink,

i.e. the distance between its edges, is ξ
(1)
m =

�
m(v2

0−v2)

2� a.
Consequently, the number of hydronium ions in the kink is

N(1) =
�

m(v2
0−v2)

2� .
To calculate the energy of the kink let us consider

equation (4). Introducing ξ one can merge the first two terms.

5
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where b is a viscous friction coefficient describing energy losses due to the soliton 

motion in the system. So in order to estimate the soliton mobility, the values of k, a, b 

and 

€ 

ε  should be known. The hydronium relocation distance is a = dCC/√3 where dCC is 

the distance between C atoms of neighbouring SGs. Values of a and 

€ 

ε  were obtained 

from the metadynamics simulations.  

It is clear from the mobility expression that the decrease in ε will increase soliton mobility 

and consequently proton conductivity. But k, a and 

€ 

ε  are not independent of each other. 

A change in 

€ 

ε  is achieved by varying a, or, in other words, the SG separation, and this 

will affect the hydronium coupling constant, k, as well.  

Initially, we pursued a direct simulation-based approach to determine the strengths of 

correlation between hydronium ions and SGs. For this purpose, we performed AIMD 

runs with constrained coordinates. SGs and hydronium ions were shifted through small 

values from their equilibrium positions and the probability and magnitude of motion of 

surrounding SGs and hydronium ions in response to the created perturbation was 

calculated. The aim of these calculations was to extract the coupling constant k between 

the hydronium ions. However, we could not successfully determine the coupling constant 

through this procedure; apparently, the energy differences between the initial and 

perturbed structures were too small. 

In Ref.[105], Golovnev and Eikerling evaluated the soliton mobility in the system. They 

proposed a mechanism of energy loss, which involves perturbations of the SG 

subsystem caused by the soliton waves. Using this approach, they estimated a soliton 

mobility of 3x10-5m2(Vs)-1, which corresponds to a proton diffusion coefficient of 10-2 

cm2s-1 at T=100oC105. This value is significantly larger than the diffusion coefficient of 

interfacial proton transport observed in biological systems120 as well as the bulk diffusion 

coefficient in water (9x10-5 cm2s-1). It is important to note that the model considers an 

idealized system at a critical SG separation of 6.7 Å without any defects. Any deviation 

from such an ideal system, such as a variation in SG separations will lead to a lowering 

of the diffusion coefficient. 

Thus the soliton model developed for this system72, 105 with the help of inputs from 

metadynamics simulations, explains a collective proton conduction mechanism for a 
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minimally hydrated array of SGs as long as the SG separation is close to ~6.6 Å. The 

strength of coupling between hydronium ions or in other words the strength of hydrogen 

bonds is expected to play an important role in the collectiveness of the proton transport. 

Strong hydrogen bonds meaning large coupling constant will ensure collectiveness of 

the transition, although it will also mean that a larger amount of energy will be required to 

break the hydrogen bonds and flip the hydronium ions. Thus, a fine balance between the 

strength of coupling and the total energy of a soliton will determine the collectiveness of 

proton motion. Presence of more water in the membrane will lead to other proton 

transport mechanisms prevailing over a soliton mechanism. The strong dependence of 

structural energy on SG separation favours either the upright or the tilted structure. A 

significant deviation of the critical value leads to a larger energy difference between the 

two structures making it harder for the transition to occur between them. Hence, solitons 

can exist only when the SG separation is close to dCC ≈ 6.6 Å. Any variation in SG 

density is expected to cause significant changes in proton mobility and conductivity of 

the system.  
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Chapter 5.  
 
Effect of Surface Group Density on Collectiveness of 
Proton Transfer 

The free energy calculations for concerted and disconcerted proton transfer at a critical 

SG separation of dCC ≈ 6.6 Å have shown that the concerted transfer, which preserves 

the number of hydrogen bonds per SG, is energetically favorable over a disconcerted 

transfer, which gives rise to a hydrogen bond defect in the system. Since structural 

stability of our interfacial system depends on the SG density at the interface, small 

variations in SG density are expected to have a big impact on energetics and coupling 

constants that determine interfacial proton transitions. Therefore it is expected that 

fluctuations in SG density will play a key role in the interfacial proton dynamics. 

Moreover, in real membranes, sidechains are not uniformly grafted on the backbone and 

the flexibility of sidechains contributes to fluctuations in sidechain separation. Our 

system is a uniform arrangement of shortest possible sidechains with no dispersion in 

SG separations and reduced flexibility of sidechains.  However, we can explore the 

influence of SG density on the activation barrier for proton transfer (hydronium flipping) 

by performing simulations at different SG densities.  

In this chapter, we will present and discuss the effect of a variation in SG density on the 

barrier energy and the mechanism of proton transfer. We have also extracted coupling 

constants from the frequency spectra calculations, which will be used in the theoretical 

model to further our endeavours in explaining surface proton transport and calculation of 

surface proton conductivity. 
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5.1. Metadynamics Results 

To understand the effect of SG density on the barrier energy of proton transfer, we 

performed metadynamics simulations with a single CV at SG separations of  dCC = 6.4 

and 6.8 Å and then compared the results with those at dCC = 6.6 Å discussed in Chapter 

4. At 6.4 Å, the upright structure is lower in energy than the tilted structure by 0.7 eV and 

at 6.8 Å, the tilted structure is more stable than the upright structure by 0.8 eV, which 

should facilitate the transition more favourably than at shorter separations. The 

transitions were completed in 105, 115 and 50 ps at dCC = 6.4, 6.6 and 6.8 Å, 

respectively. The reconstructed Helmholtz free energy profiles for dCC = 6.4 and 6.6 are 

shown in Fig. 5.1 together with snapshots along the trajectory. The activation energy 

was calculated as 0.65, 0.6 and 0.25 eV, respectively, for dCC = 6.4, 6.6 and 6.8 Å. The 

hydronium transitions at dCC = 6.4 and 6.6 Å, as shown in Fig. 5.1, give rise to the 

formation of a hydrogen bond defect, where the donor SG becomes deficient in 

hydrogen bonds and the acceptor has 4 hydrogen bonds. The structures formed along 

the trajectories are similar for dCC = 6.4 and 6.6 Å. 

The free energy profile for dCC = 6.8 Å is shown in Fig. 5.2. At this SG spacing, we 

observed a spontaneous transition of another hydronium ion. The hydronium ion labeled 

as 3 in Fig. 5.2 underwent flipping after the transition of hydronium 1. However, it 

reverted back and hydronium 2 underwent flipping. The transition of hydronium 2 was 

accompanied by reorientation of the donor SG. With only a slight decrease in SG 

density, the proton transport mechanism changed from disconcerted to concerted with 

significantly lower activation energy. This effect is believed to be a consequence of the 

fact that at dCC = 6.8 Å the final structure is energetically preferred over the initial 

structure.  
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Figure 5-1. Reconstructed free energy surfaces (FES) for local defect-type H3O+ 

ion transitions at SG spacing of 6.4 Å (left panel) and 6.6 Å (right 
panel). Snapshots show structures at points A, B, C, D marked on 
the FES. Since similar structures are formed at both the SG 
densities only one set of structures is shown.   

 

 
Figure 5-2. Reconstructed free energy surfaces (FES) for H3O+ ion transitions at 

SG spacing of 6.8 Å. Snapshots show structures at points A, B, C, D 
marked on the FES. The transition of ion 1 is followed by the 
transition of ion 3, which then reverts back and ion 2 undergoes 
flipping. This concerted transition of hydronium ions 1 and 2 
conserves the number of hydrogen bonds per SG. 
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The concertedness of the hydronium transition should be related to the coupling or 

strength of hydrogen bonds in the system. Figure 5.3 shows a schematic diagram of a 

soliton wave passing through the system as time progresses. At a critical SG separation 

of 6.6 Å, the upright and tilted structures have the same energy. The potential energy of 

an hydronium ion can thus be represented by a symmetric double well potential. A series 

of double well potentials with hydronium ions (blue circles) in the left minimum 

represents an upright structure (Fig. 5.3a). When all the hydronium ions along the soliton 

path undergo a transition, the upright structure converts into a tilted structure, which is 

represented by all the hydronium ions in the right minimum of the double well potential, 

shown in Fig. 5.3e.  

 
Figure 5-3. Double well potential created by SGs. Blue circles indicate 

hydronium ions. Upright structure is shown in (a). A transfer of a 
single hydronium ion in a system giving rise to a hydrogen bond 
defect at an acceptor SG is shown in (b). The relaxation of this 
flipped hydronium ion will displace the second hydronium ion as 
shown in (c). The continued propagation of this defect is shown in 
(d). The transition of all hydronium ions from the left of double well 
potential to the right will convert an upright structure into a tilted 
structure as shown in (e). 
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If the coupling between the hydronium ions is infinitely strong then this transition will 

occur in a single step. However such a transition is energetically very expensive. A weak 

coupling between hydronium ions will result in a disconcerted transfer giving rise to a 

hydrogen bond defect. As shown in Fig. 5.3b flipping of a single hydronium ion will 

create a hydrogen bond defect at an acceptor SG and due to the coupling between 

neighbouring hydronium ions, however weak it may be, the potential experienced by the 

next hydronium ion will be affected as shown in Fig. 5.3c. This distortion will lower the 

activation barrier for the transition of the second hydronium ion. Thus the second 

hydronium ion will go over the barrier as the first hydronium relaxes in the right well of 

the double well potential. Figure 5.3d depicts further propagation of the soliton through 

the system. As shown by Golovnev and Eikerling72 and discussed in Chapter 4, the size 

of the soliton i.e. the number of hydronium ions involved in a solitary wave depends on 

the strength of coupling between the hydronium ions. The soliton energy depends on the 

size of the soliton as well. Thus, a fine balance between the coupling strength and the 

total energy of the soliton will determine the concertedness of the transition.  

If the concerted transition observed at an SG separation of 6.8 Å is due to the stronger 

hydrogen bonds than at shorter separations, it should be evident in the frequency 

spectra of the system. 

5.2. Frequency Spectrum Calculations and Determination 
of Coupling Constants 

We calculated the full frequency spectrum of the system at SG separations of 6.4, 6.6 

and 6.8 Å as shown in Fig. 5.4. In order to be able to assign the frequency peaks we 

also calculated the stretching frequency of O-H bonds at the different SG separations, as 

shown in Fig. 5.5, as well as the tilting frequency of SGs, shown in Fig. 5.7. We 

observed 3 O-H stretching frequency bands in the 100-4000 cm-1 range: the most 

intense band was seen in the 130-1330 cm-1 range with a peak at around 675 cm-1, a 

lower intensity band was observed between 1450-2260 cm-1 with a peak at around 1720 

cm-1 and the lowest intensity band was observed in the 2450-3600 cm-1 range. The 

frequency spectra for all three SG separations overlap almost perfectly indicating that 

the variation in SG density does not have any significant effect on the stretching 
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frequencies of the O-H bonds. 

To understand the effect of bond length fluctuations on stretching frequencies we 

calculated average O-O distances of different hydrogen bonds and the range of 

fluctuations around the average value. We divided the hydrogen bonds into 3 categories: 

(1) donor hydrogen bonds, (2) hydrogen bonds of the spectator SG directly bonded to 

the transferring hydronium ion, and (3) hydrogen bonds of the SG farther away from the 

transferring hydronium ion.  The range of average O-O distances of various H-bonds is 

given in Table 5.1. 

 
Figure 5-4. Full frequency spectra of upright structures at different SG 

separations. The spectra were obtained by taking a Fourier 
transform of velocity autocorrelation function for all atoms in the 
system. 

 

 
Figure 5-5. Stretching frequency spectra of O-H bonds in upright structures at 

different SG separations. 

The time averaged O-O distances of different H-bonds lie in the range of 2.57-2.7 Å. All 

O-O distances in the system remain fairly constant even upon densification of the SG 
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array. This is achieved by a relaxation phenomenon where hydronium ions shift 

perpendicular to the plane of SGs. Fluctuations in the height of the hydronium oxygen 

with respect to the plane drawn through S atoms of SGs is shown in Fig. 5.6 It shows 

that at shorter SG separations, the hydronium oxygen remains predominantly above the 

plane thereby maintaining the constant O-O separation. At larger SG separation, the z-

coordinate of hydronium ions shows more flexibility. Thus as a result of the relaxation 

mode of hydronium ions, the O-O distance remains unchanged such that the variation in 

SG density does not significantly alter the hydrogen bond strength and the stretching 

frequencies. 

Table 5.1. Influence of the hydronium ion transition from an upright structure 
on bond lengths of surrounding groups. The ranges of average O-O 
distances at different SG densities are given in the table. The 
nearest spectator groups are the SG directly bonded to the 
transferring hydronium ion. The SG further away from the 
transferring hydronium ion are designated as far spectators in the 
table. 

dCC, Å range of average O-O 
distances, Å 6.4 6.6 6.8 
donor 2.59 2.57 2.64 

nearest spectators 2.61-2.62 2.64-2.65 2.64-2.70 

far spectators 2.60-2.62 2.61-2.62 2.61-2.64 

 
Figure 5-6. Fluctuations in the height of O atom of spectator hydronium. The 

values are averaged over every 1000 timesteps to reduce the noise.  

We also calculated frequency spectra of SGs at 3 SG separations as depicted in Fig. 

5.7. As shown in the figure, the SG separation in this small range does not alter the 

frequencies of the peaks. 
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Figure 5-7. Surface group frequency spectra for upright structures calculated at  

dCC values of 6.4, 6.6 and 6.8 Å. 

To interpret the spectra, let us consider small oscillations of SGs and hydronium ions 

about their equilibrium positions. We consider only pair interactions in the nearest 

neighbour approximation72. In general, in a two-component system, there are three 

distinct NN pairs: hydronium ion-hydronium ion, SG-SG, and hydronium ion-SG. The 

corresponding elastic constants are KHH, KSS, and KSH. Additionally, SGs are fixed at the 

basal plane, which gives rise to the force returning SGs to their equilibrium position, 

described by the elastic constant KF.  

 
Figure 5-8. A schematic representation of SG (black circles) connected to 

hydronium ions (red circles) by springs with spring constant KHS. 
The coupling constant between SGs is KSS and that between 
hydronium ions is KHH. Finally, KF describes the flexibility of SGs, 
which brings them back to their equilibrium positions. Dashed lines 
indicate a unit cell containing one molecular unit. 

A schematic is shown above in Fig. 5.8. One can see that for such a system a standard 

approach for diatomic crystal lattices can be employed with an addition of a term 

describing the flexibility of SGs. 

KHH 

KSS 

KHS 

KF 



 

73 

For simplicity, we consider a one-dimensional string of masses connected with springs. 

As shown in [98], a 1D system captures essential features of the 2D lattice due to the 

hexagonal symmetry of the lattice. In 1D approximation, the displacement of the 

molecular group in the j-th unit cell are  

    

€ 

u2 j = BH exp(i (2 jκdCC −ωt)),             (5.1) 

          

€ 

u2 j +1 = BS exp[(i(2 j +1)κdCC −ωt))],       (5.2) 

where BH and BS are unknown amplitudes and 

€ 

κ  = 2π/λ is a wave vector. Since the 

problem is 1D, we do not write it in a vector form.  The value of λ is defined by the 

boundary conditions in our simulations, λ = 6*dCC/√3. According to Hook’s law, forces 

acting on molecular groups in the j-th unit cell are  

      

€ 

F2 j = KHS (u2 j +1 +u2 j −1 −2u2 j ),       (5.3) 

     

€ 

F2 j +1 = KHS (u2 j +2 +u2 j −2u2 j +1) −KFu2 j +1,       (5.4) 

Inserting these equations into Newton’s second law, , and eliminating BH and 

BS, we get 

    

€ 
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,

             (5.5) 

where   

€ 

mH  and   

€ 

mS  are hydronium ion and SG masses, respectively. The ± sign 

correspond to optical and acoustic modes. The third peak in Fig. 5.7 corresponds to SG-

SG interactions. It can be modeled by a string of particles with the mass mS connected 

by springs. The mathematical formalism is similar to the one shown above. The 

displacement of j+1th SG and the force acting on it is 

    

€ 

uj +1 = BS exp[(i ( j +1)κdCC −ωt))],           (5.6) 

  

! 

F = ma
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€ 

 

    

€ 

Fj +1 = KSS(uj +2 +uj −2uj +1),             (5.7) 

The resulting frequency is 

  
    

€ 

ω3
2 =

1
mS

4KSS sin2 κdCC

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −KF

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,         (5.8) 

The argument of the sin function is different from the one in Eq. 5.5 since the distance 

between SGs is twice as large as that between SGs and hydronium ions. 

To assign the frequencies   

€ 

ω1,2,3 to the peaks in Fig. 5.7, one has to consider the 

corresponding spectrum of hydronium ion oscillations. The frequencies   

€ 

ω1,2  should be 

the same for SG and hydronium ions since the two subsystems are connected to each 

other via hydrogen bonding. The third peak, corresponding to oscillations in the 

hydronium subsystem only, is  

       
    

€ 

ʹ′ ω 3
2 =

1
mH

4KHH sin2 κdCC

2
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,       (5.9) 

which is analogous to Eq. 5.8. Unfortunately, it is impossible to de-convolute peaks in 

the hydronium spectrum because peaks are broad and merged together, see Fig. 5.9. 

However, it is clear that there are no peaks at frequencies above 700 cm-1. Therefore, 

the rightmost peak in Fig. 5.7 corresponds to  

€ 

ω3 . Hence, the leftmost peak is an acoustic 

mode, and the middle peak is the optical mode. 

The broadness of the peaks for hydronium ions in contrast to well-distinguished peaks 

for SGs can be explained based on the mechanism of energy loss suggested in the work 

of Golovnev and Eikerling105. When a hydronium ion or an SG moves, it pulls its nearest 

neighbors, which leads to energy dissipation. A heavy SG can easily pull a hydronium 

ion, whereas it is difficult for a light hydronium ion to pull a SG, which is fixed at the basal 
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plane.  Therefore, hydronium ions lose energy faster than SGs, which broadens the 

hydronium ion peaks. 

     
Figure 5-9. Frequency spectrum of an hydronium ion.  

Since we know   

€ 

ω1,2,3 from Fig. 5.7, Eq. 5.5 and 5.8 can be solved for the elastic 

constants. This analysis gives KF = 1808.68 Nm-1, KHS = 22.58 Nm-1 KSS = 1165.02 Nm-1 

and KHH = 222.58 Nm-1. The comparatively small value of KHS can be explained based 

on the relaxation mode of hydronium ions relative to the plane spanned by SGs, 

discussed above. To accommodate a change of dCC, hydronium ions tend to move away 

from the basal plane when SGs are squeezed together and approach the basal plane on 

increasing the SG separation. This relaxation of hydronium ions perpendicular to the 

plane of SGs, keeps the H-bond length relatively constant and softens the coupling 

between hydronium ion and SG. In contrast, SGs cannot rise or lower and have to shift 

laterally in response to an up/down shift of hydronium ions, which is reflected in a high 

value of KSS. 

These coupling constants are calculated only for small displacements of hydronium ions 

around their equilibrium position corresponding to the situation explored in frequency 

spectra, whereas soliton-like hydronium ion transport implies significant displacements 

of hydronium ions, accompanied by extensive reorganization of SGs. In the limit of weak 

coupling, KHH would be much smaller than the coupling constant k, needed in the soliton 

model, and hence KHH would not provide a reasonable estimate of the soliton size. 

However, in the case of strong coupling, KHH could be used in Eq. 4.7 to obtain  a 

reasonable estimate, a lower bound, for the size of solitons. Using this value, the 

approximate size of the static soliton can be estimated from 
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N0 !
KHHa2

2"
,         (5.10)  

where  is a hydronium ion relocation distance and  is an activation barrier 

for hydronium ion transition. Thus a static soliton would involve 20-25 hydronium ions. 

Based on this estimate of the soliton size we can say that the coupling of hydronium ions 

in our system is fairly strong to enable collectiveness of hydronium transitions. Further 

theoretical studies and molecular simulations need to be performed specifically to 

understand mechanisms of soliton creation and the energetic cost associated with it. 

Since the hydrogen bond strength is not affected by the variation in the SG density, in 

the density range considered here, the driving force behind the transition of hydronium 

ions seems to be the stability of the upright structure relative to that of the tilted 

structure. At a SG separation of 6.8 Å, the transition from upright to tilted structure is a 

downhill process unlike in the other two cases. As a result, spontaneous concerted 

hydronium transition occurs at dCC = 6.8 Å whereas we observe a disconcerted transition 

of hydronium ion leading to a hydrogen bond defect at dCC = 6.4 and 6.6 Å. A 

spontaneous transition of a second hydronium ion at dCC = 6.8 Å remedies the hydrogen 

bond defect and conserves the number of hydrogen bonds in the unit cell. The activation 

energy in this case (0.25 eV) was found to be much lower than that obtained for the 

other transitions that result in the formation of hydrogen bond defects (≥ 0.6 eV).  

In spite of this change in activation energy, the stretching frequency spectra showed that 

in this range of SG separations, hydrogen bond strength remains essentially unaltered. 

Coupling constants between surface groups and hydronium ions were calculated from 

frequency spectra. They represent the coupling strength of the system for small 

fluctuations relative to the equilibrium configuration. The coupling constant between SGs 

has been employed to estimate the size of collective, soliton-like excitations of 

hydronium ions. We determined that a soliton includes about 20-25 hydronium ions, 

which would be characteristic of a strongly coupled system. We believe that the 

insensitivity of frequency spectra, hydrogen bond strength and coupling constants to the 

density of surface groups is owed to a peculiar motion of hydronium ions perpendicular 

to the plane of SGs. 
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Chapter 6.  
 
Transitions from Tilted Structure 

In the previous chapters we have discussed transitions from upright structure at dCC of 

6.4, 6.6 and 6.8 Å. In this chapter, hydronium transition from the tilted structure at 

different values of dCC will be discussed. 

The tilted structure, as discussed in Chapter 3, is more stable than the upright structure 

at large SG separations. Unlike in the case of an upright structure, where large SG 

separations lead to the breaking of hydrogen bonds, the tilting and rotation of SGs in a 

tilted conformation enables the hydrogen-bond network to be sustained at larger 

separations with minimal hydration of the SG interface.  

6.1. Metadynamics Results 

Metadynamics simulations were performed to calculate barrier energies for hydronium 

transfer from a tilted structure at dCC = 6.4, 6.6 and 6.8 Å. The free energy profiles were 

calculated as a function of a single collective variable, defined as CV = d12 – d23 where 

d12 is the distance between donor C and oxygen of the hydronium ion undergoing 

flipping and d23 is the distance between the acceptor C and O of the hydronium ion are 

shown in Fig. 6.1. Simulations were completed in 80, 90 and 65 ps respectively for dCC = 

6.4, 6.6 and 6.8 Å respectively with activation energies of 0.4, 0.55 and 0.5 eV, 

respectively. All three transitions resulted in the formation of a hydrogen bond defect 

with an excess hydrogen bond formed at the acceptor SG and the donor SG deficient in 

1 hydrogen bond.  

In an upright structure all the SGs and hydronium ions are oriented in the same direction 

whereas in the tilted structure, one third of the SGs and hydronium ions in a unitcell are 
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oriented such that they are rotated through 180o with respect to the rest of the SGs and 

hydronium ions.  Thus the tilted structure has less order or more entropy compared to 

that of an upright structure. As a consequence of higher disorder in tilted structure 

compared to the upright structure, a concerted transition of hydronium ions to form a 

more ordered structure is not possible. Therefore, hydronium transitions from the tilted 

structure occur disconcertedly, giving rise to a hydrogen bond defect. 

        
Figure 6-1. Free energy surface obtained for hydronium transition from tilted 

structure at SG separations of 6.4, 6.6 and 6.8 Å. Initial tilted 
structure is shown at the bottom left and a defect structure formed 
due to the transition of hydronium ion is shown at the bottom right 
of the figure. All three simulations resulted in the formation of 
hydrogen bond defect in the system with an activation energy 
ranging from 0.4 to 0.5 eV. 

6.2. Frequency Spectrum Calculation 

We calculated O-H stretching frequencies at three SG separations. The spectra are 

depicted in Fig. 6.2. We found 3 O-H stretching frequency bands in the 0-4000 cm-1 

range: the most intense band occurs in the 0-1330 cm-1 range with a peak at around 670 

cm-1, a lower intensity band lies between 1300-2200 cm-1 with a peak at around 1660 

cm-1 and the lowest intensity band is observed in the 2500- 3700 cm-1 range. The 
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frequency spectra for all three SG separations are overlapping almost completely 

indicating that the variation in SG density exerts only a small effect on the stretching 

frequencies of the O-H bonds. Moreover, the frequencies for tilted structures are almost 

the same as those obtained for upright structures shown in Fig. 5.5.  

 
Figure 6-2. O-H stretching frequency spectra of tilted structures at SG 

separations of 6.4, 6.6 and 6.8 Å. 

In order to understand the effect of bond length fluctuations on stretching frequencies we 

calculated average O-O distances of different hydrogen bonds and the range of 

fluctuations around the average value. We divided the hydrogen bonds into 3 categories: 

(1) donor hydrogen bonds, (2) hydrogen bonds of the spectator SG directly bonded to 

the transferring hydronium ion, and (3) hydrogen bonds of SGs farther away from the 

transferring hydronium ion.  The range of average O-O distances of various H-bonds is 

given in Table 6.1. The time averaged O-O distance of different hydrogen bonds lie in 

the range of 2.56-2.64 Å. As observed for the transitions from upright structure, the O-O 

distances are not affected by varying SG separation and are similar to those observed 

for the upright structure. The tilting of SGs along with the umbrella mode of hydronium 

ions helps in keeping O-O distances in the system constant. 

In summary, the hydronium ion transitions studied from the tilted structure give rise to a 

hydrogen bond defect. The O-H stretching frequencies are not significantly affected by 

variation of SG separation from 6.4 to 6.8 Å and are the same as those observed for the 

upright structure. This shows that as a result of tilting and rotation of SGs, the hydrogen 

bond lengths remain in the same range as that in case of upright structure when dCC = 

6.4 to 6.8 Å. 
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Table 6.1. Influence of the hydronium ion transition from tilted structure on 
bond lengths of surrounding groups. The ranges of average O-O 
distances at different SG densities are given in the table. The 
nearest spectator groups are the SG directly bonded to the 
transferring hydronium ion and the SG further away from 
transferring hydronium ion are designated as far spectators in the 
table. 

dCC, Å range of average O-O 
distances, Å 6.4 6.6 6.8 

donor 2.60 2.60 2.62 

nearest spectators 2.56-2.64 2.59-2.62 2.60-2.64 

far spectators 2.56-2.62 2.58-2.61 2.58-2.62 
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Chapter 7.  
 
Conclusions and Future Work 

We have studied proton transport mechanisms at a highly charged interface loaded with 

minimally hydrated triflic acid. The structural studies using DFT-based optimization 

revealed the existence of two stable conformations: an upright structure that is favoured 

at shorter SG separations and a tilted structure that is more stable at larger SG 

separations101. The structural transition from upright to tilted structure was found to be 

associated with a transition from hydrophobic to hydrophilic wettability of the interfacial 

array.  

We employed the ab initio metadynamics method to determine the activation energy for 

proton transfer from upright as well as tilted structures. The metadynamics simulations 

were performed at a critical SG separation of 6.6 Å for two limiting cases: (1) a highly 

concerted collective transition and (2) a single hop of a hydronium ion that corresponds 

to a disconcerted transition, resulting in the formation of a hydrogen bond defect104. The 

results showed that a highly concerted transition has a much smaller activation barrier 

compared to a disconcerted transition. The concertedness of the transition was imposed 

by the simulation conditions, which forced donor and acceptor SGs to behave identically. 

However, when the donor and acceptor SGs are independent of each other, the 

concertedness of the transition will depend on the coupling strength between the 

hydronium ions. The total energy of a concerted transition will depend on the number of 

hydronium ions undergoing the transition concertedly. Thus, the interplay between the 

total energy of the concerted transition and the coupling strength between hydronium 

ions determines the collectiveness.  

We have incorporated these simulation results into a soliton model for the motion of 

hydronium ions along the hydrogen bonded interface of sulfonic acid surface groups72, 
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105. Model results show that the proton diffusion coefficient is very high at a perfectly 

ordered interface at a critical SG separation of 6.6 Å. In the absence of a perfectly 

ordered structure, the soliton will dissipate at the defect site and consequently proton 

transport through the soliton mechanism will not occur. In real membranes, the sidechain 

separations are not identical; instead they will fluctuate in a certain range. Moreover, the 

flexibility of sidechains leads to enhanced fluctuations in sidechain separations. The 

collective soliton-like mechanism will be extinguished in the complete absence of 

structural order or for significant deviation of the SG density from the critical value. 

Next we studied the effect of varying SG separation from 6.4 to 6.8 Å. The hydronium 

transitions at 6.4 and 6.6 Å lead to the formation of hydrogen bond defects whereas at a 

SG separation of 6.8 Å, we observed a spontaneous transition of a second hydronium 

ion conserving the number of hydrogen bonds in the unit cell. The activation energy for 

this concerted transfer of the hydronium ion was found to be smaller by a factor of 2 than 

that for the disconcerted transfer. 

We then calculated frequency spectra for the O-H stretching and tilting of SGs at all 

three dCC values to see whether the hydrogen bonds strength in the system is affected 

by varying SG separation from 6.4 to 6.8 Å. Calculated O-H stretching as well as SG 

frequencies were unaffected by variation in SG separation from 6.4 to 6.8 Å indicating 

that the hydrogen bond length as well as strength is not affected significantly by the 

changing SG separation in this range. The relaxation mode of hydronium ions, where 

hydronium ions shift up or down relatively to a plane drawn through the S-atoms of SGs, 

is found to play a key role in keeping the hydrogen bond length constant. We obtained 

SG-SG, hydronium-hydronium as well as SG-hydronium coupling constants from 

frequency spectra. The coupling constants were found to be constant in the dCC range of 

6.4 to 6.8 Å. Using the coupling constant, we determined that a soliton include about 20-

25 hydronium ions, which would be characteristic of a strongly coupled system. 

The hydronium transitions studied in the tilted structures at the three SG separations 

resulted in the formation of a hydrogen bond defect. The hydrogen bond analysis and 

frequency spectra obtained for the tilted structure showed that the hydrogen bond 
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lengths remain unaltered on varying dCC from 6.4 to 6.8 Å and the hydrogen bond 

strength is similar to that in the upright structure.  

Overall our simulations show that in spite of the minimal hydration condition, the 

densification of SGs leads to the formation of a water-bridged, hydrogen bonded network 

of SGs. In agreement with findings from experimental studies at Langmuir interfaces55-57, 

59, 61, 62, the hydrogen bond network plays an important role in the mechanism of 

interfacial proton transport; specifically, the strength of the coupling between hydronium 

ions determines the concertedness of the proton transfer. The experimental studies on 

sulfonic acid functionalized silica films under low levels of hydration back up the 

theoretical results since they also suggest a high proton conductivity with low activation 

barrier for proton transfer at high acid density36. 

Future Work 

The soliton model is developed for a perfectly ordered system with a critical SG 

separation of 6.6 Å. In the future, it would be interesting to include the effect of structural 

disorder and fluctuations in the model and evaluate their effects on the size of solitons. 

In real membranes, the distance between grafting points of sidechains on the polymer 

backbone is not uniform, owing to statistical and dynamic fluctuations of polymer chains, 

not accounted for in the present model. Also the flexibility of sidechains would change 

the separation between sulfonic acid head groups. So introducing structural disorder 

would enable us to reproduce proton dynamics closer to that observed in real systems. 

In essence, fluctuations are expected to have a negative impact on soliton mobility in the 

system and possibly a positive impact on the probability of soliton creation. Inclusion of 

these factors in the model will help in quantifying the relationship between structural 

disorder and soliton mobility. Also, it will be useful to study mechanisms of soliton 

creation and dissipation in the system. 

As discussed in Chapter 1, experiments for measurement of surface proton diffusion 

coefficient have been performed but only at biologically interesting systems consisting of 

carboxylic acid and phosphoric acid headgroups. It would be useful to perform similar 

experiments at an interface loaded with sulfonic acid groups. Comparison between these 
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results and our simulation results would help in verifying our findings. Moreover, 

important insights for the development of PEM that are suitable for high temperature 

operation of PEFCs at low water content could be gained.  

Results obtained in this thesis work have shown that an SG separation close to the 

critical value of 6.6 Å and an ordered structure of the interface result in a low activation 

barrier for proton transport, even for a minimally hydrated interface. The importance of 

ordered network morphologies forming continuous proton pathways for obtaining high 

proton conductivity under low hydration has been evaluated for block copolymer 

membranes121. However, these membranes show excessive swelling at high IEC values. 

Inorganic mesoporous materials such as acid-functionalized silica glasses have been 

suggested as an alternative to conventional PEM materials since mesoporous 

electrolytes with high ion exchange capacity and ordered structure can be synthesized33, 

36. Fujita et al36 measured the proton conductivity of sulfonic acid functionalized 

mesoporous silica films with different acid densities (0.78-2.23 mmol g-1 corresponding 

to a dCC range of ~11 to 8.5 Å) and RH varying from 20-90%. They obtained an 

activation energy of proton transport equal to 0.26 eV at 20% RH for the acid density of 

2.23 mmol g-1 which corresponds to 1.41 groups per nm2. The SG spacing of 6.8 Å, for 

which we observed a concerted hydronium transition with activation energy of 0.25 eV, 

corresponds to 2.52 groups per nm2. Further experiments on sulfonic acid functionalized 

silica films with acid density values close to our simulation studies and minimal hydration 

conditions should be performed. These experiments will be helpful in understanding 

whether functionalization of silica films with such a high acid density would be feasible 

without compromising its physical properties, and whether high proton conductivity could 

be achieved.  
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