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SUMMARY

Proton exchange membrane fuel cells have been gskamding subject of
interest in the automobile industry owing to thieigh efficiency, clean operation, and
compact design. Their adoption has however beeitelitdue to the use of expensive
catalysts, membranes, and assembly and the chedlenfgstoring hydrogen as a fuel
source. This study aims to address these issuemvegtigating hydrocarbon-based
proton exchange membranes and anion exchange magsbra

The first objective was to investigate perfluordiar based polymer backbones.
Nafion, considered the gold-standard PEM matewals used to establish benchmarks
for phase-segregation and transport propertiesmpoove the understanding of Nafion,
the hydrated membrane was subjected to uniaxia@rahedtion to simulate the effect of
the membrane being pressed between electrodesenmatofy conditions. The resulting
water phase was found to be better developed inditextion perpendicular to the
deformation than in the stretched direction.

The second objective was to investigate the udaydfocarbon-based polymers
for use in proton exchange membrane fuel cellsydedfone based polymers exhibited
smaller water domain sizes compared to Nafion. Hewnethe side-chain structures of
these polymer structures can be modified, effelstiaéiering the hydrophilic properties
of the resulting polymer membrane. Four differddeschain structures were simulated.
The side-chains with the largest size and degremulddnation exhibited the best phase
separation and transport properties, approachiogetbf Nafion. The simplest of the four

studied polysulfone-based membranes was subjectéitetsame deformation study as

Xiii



Nafion, exhibiting a similar enhancement of transpproperties in the direction
perpendicular to stretching.

The third objective was to investigate anion exgeamembranes. First, the
structure-property relationship of a polysulfonesdh AEM was compared to a PEM
with the same backbone. The two membranes exhilsiedlar phase-segregated
morphologies, with significantly lower ionic trarep in the anion exchange model. To
address the issue of lower transport, more higbtyregated nanophase structures are
studied. Novel highly fluorinated anionic condugtihybrid polymers are simulated and
characterized. The simulations correctly reproduergerimentally observed structure
and transport property trends. Additionally, oumsglations may offer insight into the

underlying mechanisms driving the formation of tl@mophase-segregated morphology.
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CHAPTER 1

INTRODUCTION

The development of safe, reliable, and clean gnsogirces has been an active
area of research for much of the 21st century. @rgwoncerns about pollution and
sustainability, along with political and economigjectives, have further thrust the issue
into the public conscience. Renewable sourceseattrétity such as solar or wind power
face a number of challenges. They require large Eeas and capital investment, while
offering variable output, posing further challendgesenergy storage. This inhibits their
ability to compete commercially with current energgchnologies. Electrochemical
energy sources offer an alternative to non-renesvabthnologies without the same
storage requirements. Batteries and fuel cells artiqular have received significant
attention for their ability to provide clean elecal power on demand. Batteries however
still require energy to be stored and rechargedchvalso limits their convenience when
compared to current technologies, particularly tr@ansportation applications. Fuel-cell
technology provides the opportunity to harnesslemreative fuel source while mitigating

the need to an overhaul of our energy infrastrectur

Fuel cells operate with no pollutant emissionse Tke of hydrogen fuel and low
operating temperature eliminate the formation ofbca dioxide and mono-nitrogen
oxides. Still, the widespread adoption of fuel-célichnology has been limited.
Challenges include fuel source, cost of catalystembranes, and assembly. The
synthesis of new ionomer membrane materials hagdito address some of these

challenges. The choice of membrane can impactype of catalyst and fuel source



required for operation. Beyond proposing and ssitheg novel membrane materials, an
improved understanding of the fundamental naturpabymer electrolyte membranes is
necessary. This work aims to fill address this esswith a focus on both traditional
proton exchange membrane polymers and more newhgupd anion exchange

membrane polymers.

Fuel Cells
A simple fuel cell operates by oxidizing a fuelcBuas hydrogen, to produce
electricity and water. Initial fuel cells were usedgenerate power for space applications.
Since, fuel cells have found applications as posairces for commercial, residential,
and industrial buildings. To a lesser extent, foaells have also been used to power

vehicles.

However, several limitations have hindered widesgradoption of fuel cells.
Expensive membranes and catalysts, along withcdlffhydrogen fuel storage and poor
durability have prevented fuel cells from capturiagposition in the transportation
market. To allow fuel cells to compete within tmansportation sector, lower costs and
improved performance are necessary. With the iseattention and funding of fuel
cell research several types of cells have recenmusideration. Polymer electrolyte
membrane fuel cells (PEMFC) have received extengttention for transportation
applications. This is due to their solid organidypeer membrane, allowing for high
specific energy and power, transportable size, abdity to operate at ambient

temperatures.

Within the class of polymer electrolyte membranel ktells, two subclasses have

been investigated. Proton exchange membrane filisl (e¢éso PEMFC) have received



most of the initial attention due to their high iotransport properties, allowing for high
power densities. Yet a number of factors, discugselde following section, have limited
their viability. Alternatively, alkaline anion exahge membrane fuel cells (AAEMFC or
AEMFC) have begun to receive more consideratiothBREMFCs and AEMFCs are

discussed in more detail below.

Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells operate at mamddemperatures in
comparison to others, such as solid oxide fuelscélhe primary role of the proton
exchange membrane (PEM) is to separate the fueloaiizer compartments, while
allowing protons to flow from the anode to the cat®. Internally, the PEM requires
some level of hydration to conduct protons. Asgbb/mer backbone is hydrophobic and
the side chains are hydrophilic, the morphology asgfes into two phases. The
hydrophilic phase, essential for proton transpaxnsists of interconnected water
channels surrounding the acid groups. The complemnemydrophobic phase dictates
membrane selectivity and mechanical stability. Tiherphology and separation of the
two phases is largely determined by the ionomefioNadeveloped by DuPont, has long
been the standard for PEM fuel cells. The structofe Nafion is based on
perfluorosulfonic acid. Despite high proton condlkitt and mechanical stability, Nafion
is costly and exhibits high fuel crossover whenduséth methanol. A number of
ionomers have since been developed and investigateghlace Nafion, but none has yet

completely succeeded.



Anion Exchange Membrane Fuel Cells

Anion exchange membrane fuel cells operate singitarPEMFCs, but instead of
conducting protons, they transport hydroxide iomstie opposite direction, from the
cathode to the anode. The polymer backbones casinbéar to those of PEMs, but
contain cations instead of the sulfonic acid grodpand in PEMs. Quaternary
ammonium groups are typically used for this taskM&Cs offer the potential to surpass
their PEM counterparts as they avoid some of thatdtions. Specifically, they are
cheaper, as AEMFCs do not require the use of exgemrsatalysts due to their faster
electrode reaction kinetics. AEMFCs experience logarosion, and are more robust to
fuel sources, such as methanol and higher alcofibis.fuel versatility of AEMFCs is

also advantageous, as alcohol fuels can be stasseréhan hydrogen.

Despite the advantages of AEMFCs, some challerggaain before they achieve
the same level of attention as PEMFCs. Notablyrpooic conductivity due to lower
anion diffusion rates is among the biggest issneAEM research. This work aims to
apply computational methods and strategies sinoldhose that have been success fully
applied to investigating PEMs to examine novel AHEMaterials and elucidate the

structure and transport properties of current mamds.

Present Contribution
The present study aims to study several typesavhibnanes with respect to their
suitability for use in polymer electrolyte fuel [lFirst, Nafion is studied in the context
of characterizing the effect of mechanical defororabf performance. This is performed
to understand the nano-scale effects of deformatiorperformance, as polymers are

squeezed between plates in a membrane electrogi@lalys MEA). These simulations of



Nafion also set a benchmark for comparison witleothembranes also subjected to the
same deformations. Next, hydrocarbon-based membraméh varying side-chain
pendants are studied. Last, anion exchange polymeenbranes are compared to proton
exchange polymer membranes and novel anion exchangmbranes are also
characterized. All of the mentioned studies ardopered in view of creating a better
understanding of the nano-scale structure-propegtgtionships at play in polymer
electrolyte membranes. The overall objective isassist in informing experimental

design of better-performing membranes for futued-fiell technologies.



CHAPTER 2

SIMULATION AND ANALYSIS METHODS

Simulations
Molecular dynamics (MD) simulations have been sssfidly applied to study
PEMs by a number of groups.[1-20] Here, all plansedulations will involve full-
atomistic models of PEM and AEM systems. The sitmis will be performed using the
LAMMPS (Large-scale Atomic/Molecular Massively Piéeh Simulator)[21, 22] MD
software from Sandia National Laboratories, modifte handle the DREIDING force

field.[4, 23]

Analysis
Structure and transport property characterizatsoneacessary for useful analysis
following MD simulation. In this work, relevant cleteristics include local structures,
nanophase-segregation, and diffusivity of water mmd. This section briefly describes
characterization methods commonly used in MD stigiad our own work. Newer

methods and more detailed analyses are discussled later chapters.

Local Structure and Solvation

A radial distribution function (RDF) characterizie® local structure surrounding
individual species and provides insight into théeak of solvation of important moieties,
such as the sulfonate (PEM) or quaternary ammoi@REM) groups. Shown in Equation

1, the pair correlation functicgl\_B(r)indicates the relative probability of finding

atoms at a distanecefrom A atoms, averaged over the equilibrium trajectory.



9-0(7) = ( 477rr]2Ar) / (T/B) 1)

Specifically,ng is the number oB patrticles located at a distancérom particleA in a
shell of thicknesa\r. Ng is the total number dB particles in the system, whik is the
system volume. From the RDF, several useful comhgscan be drawn. Assuming only
pairwise interactions between atoms, the thermaaymaroperties of the system can be
calculated. The structure factor can also be caledl as the Fourier transform of the
RDF. Additionally, the coordination number, sigmify the number ofB atoms
surrounding atomA can be calculated by integrating the RDF radiadly, shown in
Equation 2. The integration limits are defined faes tinima surrounding given peaks in

the RDF.

CN= I: Arpg(r)r?dr (2)

The area of the peak, representing the coordinaionber, describes the solvation shell

of B atoms, like water, around specfdike sulfonate or ammonium.
Transport and Diffusion

Mean Squared Displacement

Efficient fuel cell operation is reliant on facikeansport of ions through the
polymer membrane. For macroscopic analysis, iordgotivity, water diffusivity, and
electro-osmotic drag describe the relevant transpooperties for a given polymer
membrane. In MD simulation, the simplest assessroéritansport properties can be

achieved by measuring the movement of ions overcthgse of an equilibrium MD



simulation. Similar study of the movement of watealso indicative of ion transport if
ions are well solvated. The mean squared displacerMdSD) defined as the ensemble
average of the square of displacement as a funcfidime, is commonly used in MD
simulation to calculate transport properties. TheDMs calculated over the time interval
dtp, < dt< dtnax The anisotropic MSD is calculated using the fweilng algorithm:

> orae il €+ AD =1 )
Zt:O,T—dLs(N)

MSD(dt) = 3)

Wheres is the time origin step, N is the number of pdesSc T is the length of the
trajectory,dtp is the single frame intervallt,ax is the maximum MSD time, andt) are
the coordinates at tinteIndividual components of the MSD are calculateohg only the
relevant components of the coordinate vectors. phosides the six components of the
MSD, in addition to the isotropic average. The whfon coefficientD, is obtained from

the linear region of the MSD from the limit in Ediaa 4.

D =lim i<(r(t) —r(O))2> 4)

o 6t

Here,r(t) andr(0) are the positions of a water molecule at tiraad the beginning of the

simulation. The diffusion constant is proportiot@lthe slope of the linear asymptote of
the MSD plot. For 3D diffusion, the proportionaliégnstant is 6. For 2D diffusion, the
proportionality constant is 4. This treatment anigport is inherently simple and only

accounts for vehicular diffusion.



Grotthuss Mechanism

Further to the vehicular diffusion of protonatedtevahydronium), protons also
hop along sequences of proximate water moleculesugih Grotthuss diffusion. The
Grotthuss mechanism has also been proposed ass#lpomethod of transport for
hydroxide in the anion exchange membrane.[24-26yef¢ methods have been
developed to calculate the contribution of Grotthdgfusion in simulated membranes,
which requires calculating the forces required teak and form bonds. This has been
demonstrated using quantum mechanics,[27, 28]iveaftrce fields,[29, 30] multistate
empirical valence bond models[31], and by sevetfaéromethods.[16, 31-36] However,
such methods need to be carefully selected, apriy@sed systems are too large for
guantum methods and not parameterized for useraatttive force fields.

Calculating the diffusion coefficient of the hopgimmechanism required a
guantum mechanical approach. The dynamic evolutiothe intermolecular distances
between water molecules affects proton conduclibns, quantum mechanical transition

state theory (TST) is used as shown in the follgwaguation:

< ()=(T0) k:IT . p(— E, (r)—1/2hw(r)j )

! RT

Here,x(T,r) andw(r) are the tunneling factor and the frequencyti@ zero point energy
correction. These values are obtained from previmuigications in literature.[37, 38]
E(r) is the energy barrier for a proton to be transfd from donor to acceptor in water at
a distance. The proton hopping energy barrier is calculatadfiked distances between

donor-acceptor oxygen pairs by quantum mechanidds Establishes the energy



distribution as a function of distance between domor-acceptor pair. The Poisson-
Boltzmann self-consistent reaction field modelsedito correct the effect of the solvent,
before the energy barrier is recalculated.[39, UBJng the tunneling results and the
donor-acceptor pair distances, the proton hoppiffgsibn coefficient is obtained from

the following equation:

17

hopping N

D iilﬂr Pdt  (6)

—
O ) |

Here,N is the number of protons amj is the probability that a proton will jump from
hydronium ioni to waterj. The distance of the donor-acceptor pairs is detexd from

the MD simulation trajectory at equilibrium and itkefd asr;j. The calculated hopping
diffusivity, added to the previously described weitar diffusivity, gives the proton

diffusivity. The total diffusivity can then be us&alcalculate the ionic conductivity.

Conductivity

lonic conductivity for either protons or hydroxidaions is calculated using the

Nernst-Einstein equation as shown below:

|ontotaICZZF2
w0

The ion concentration and charge are denoted dnydz, respectivelyF andR represent

the Faraday and gas constaiitss the temperature in Kelvin.

10



Nanophase-Segregation and Water Channels

Structure Factor

Nanophase-segregation describes the extent ofateEpabetween the hydrophilic
and hydrophobic components of the hydrated polymembrane. In PEMs, the extent of
nanophase-segregation largely affects the ionisprart. Increased segregation generally
corresponds to more developed water channels,ngddibetter transport of both water
and protons. Transport in AEMs is expected to balagous to PEMs. Prior to
developing any novel understanding of transportAlBMs, assessing the extent of
separation alongside PEMs is important in undedstgnany possible dependence. Thus,
a highly segregated and well-defined water phaseldhcorrelate with facile water and
ionic transport.

To characterize nanophase-segregation, the steutstator is calculated as shown
in Equation 8. Here, the angular brackets denotthemmal statistical averagéi
represents a local density contrapts the scattering vector; is the vector between two

species and;.

Commonly used in small angle scattering experimd®8XS and SANS) the structure
factor has been used computationally to charaetepmlymers,[41, 42] including
hydrated polymer membranes. [4, 8, 12, 20] Thougbeemental use of the structure
factor measures the electron density contrast artedem density contrast, the

computational application introduces an artifidahsity contrast to determine whether a

11



site is occupied by a hydrophilic or hydrophobititgnThe structure factor is spherically

averaged as shown in Equation 9.

O) ZS /q ©)

la

Here, q=(27n1/L)n, wheren = 1, 2, 3, L denotes for given, a spherical shell
n-1/2<qlL/2n<n+1/2. Practically, the maximum peak of the structu@daprofile

gives the characteristic correlation length, cqroesling to the extent of nanophase-
segregation. It is important to note that due ® pleriodicity of simulated systems, the

structure factor profiles are only considereddmalues greater than 1.

Anisotropic Structure Factor

The general expression above calculates the steudactor of an isotropic
structure from the Fourier transform of the RDFisT¥ersion is a spherically averaged
measure of particle arrangement in real space. Memvan non-cubic systems, the
development of anisotropic features is expectedeviauate these features, the structure
factor must be calculated along the direction dmececiprocal space vectork, The
simplest directions to evaluate are (100), (010)d &01). The anisotropic structure

factor is computed from the following equation:

S(k):<zi:zilexp(N—ikn)exr(ikrj)> .

Here,k is the scattering vector;, andr; are the position vectors of atomandj, andN

denotes the number of atoms. The angular brackeiste an ensemble average.
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CHAPTER 3
PERFLUOROCARBON BASED PROTON EXCHANGE

MEMBRANES

The work presented here was published in Materigerformance and
Characterization.[43]

The deformation of hydrated Nafion 117 is impleneeinusing full-atomistic
molecular dynamics simulation method to elucidabev ithe mechanical deformation
affects the structure and transport of hydratediddaimembrane. First, Nafion 117
membrane is equilibrated with 20 weight percentewaontent through an annealing
procedure. The simulated characteristic correlagogth and the diffusion coefficient of
water and hydronium ions are analyzed for comparigsath those observed in
experiments. Then, the equilibrated Nafion membiramformed uniaxially up to 300%
of strain with a constant strain rate. The chang@anophase-segregation of hydrated
Nafion during the deformation process is charazteriusing a directional structure factor
as well as the pair correlation function in ordemathieve fundamental understanding of
the relationship of such structural change as atiom of strain with the proton transport.
It is found from the pair correlation analysis tha sulfonate distribution and sulfonate-
hydronium correlation becomes stronger throughdérmation while the hydronium
ion solvation and the internal structure of watdrage are not dependent on the
deformation. From the directional structure fagtoofile, it is found that the long-range
correlation is developed in the perpendicular dioecto the extension. In the initial

study, the diffusion of water and hydronium ionsrevenhanced by 30 % and 2 %,

13



respectively, after the deformation. To better ustdmnd the effect of deformation on
proton transport, an extended equilibrium simulatieas carried out before and after the
stretching. The directional components of the diffn were also considered. In the
extended simulation, the vehicular diffusivities whter and hydronium ions were
improved by 32 % and 12 %, respectively, followingiaxial deformation. The

directional diffusivity was also found to depend tme direction of drawing. The

diffusivity of water parallel to the draw directiomas found to decrease by 1 % while

improving by 42 % in the through-plane directions.

Introduction

Proton exchange membrane (PEM) fuel cells have beject to extensive study
as alternative powers sources to thermal devicasabmbust non-renewable fuels.[44-
49] Specifically, Nafion (Figure 1has been studigtensively as a candidate material for
PEMFC applications. The choice of Nafion is atttdmlito its high proton conductivity,
desirable thermal, chemical, and mechanical stgbHiowever, high cost, efficiency, and
durability have hindered the widespread use of dweiin PEM fuel cells.

Experimental studies have attempted to improveptidormance of Nafion in
PEM fuel cells by physical or chemical treatmenthnds.[50] In particular, the uniaxial
pre-stretched treatment of recast Nafion shows&a-HAigher power densities compared
to Nafion 117 in direct methanol fuel cell operaticalong with reduced methanol
permeability,[51] suggesting further investigatiato the underlying mechanism for the
improved performance could provide better undedstegn of Nafion in the context of
PEM fuel cell applications. The study claims th#edence in methanol permeability is

associated with the morphology difference in tlietshed membranes. Rod-like polymer
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aggregates, present in Nafion solution, may beebettigned prior to elongation, and
thus, improve the stretched membrane nanostruauitie fewer molecular-level defects,
better polymer chain packing, and greater polymgstallinity following annealing.[51]
Molecular dynamics simulations have been succdgsfided to study PEM
systems.[2, 4, 8, 12, 13, 15-18, 20, 52-55] AltHouagplecular dynamics does not allow
for a full-scale study of fuel cell operation, ias provided detailed molecular level
information on the nanophase-segregated structnce poton transport in PEMFC
systems. Previous studies have used molecular dgadiviD) simulation techniques to
characterize polymer electrolyte membranes inclyditafion,[4] Dendrion,[16, 20] S-
PEEK,[8, 12] sulfonated polystyrene,[54] and su#ftad sulfone.[55] These studies have
mainly focused on elucidating the relationship lesw nanophase-segregation and
transport properties, whose primary conclusion thias proton conduction improves as a
function of nanophase-segregation, due to the perga of well-developed water
channels with a tight hydrogen-bonding networkmigirly, MD simulations should also
be able to characterize the nature of the nanoptegegation and transport properties in
uniaxially stretched Nafion. Previously, the effettuniaxial stretching has been studied
using coarse-grained molecular dynamics simuldb6ihIn this context, the conductivity
was found to increase in the direction of stretghiwhile hydrophilic regions were
elongated in the same direction and side-chairentad perpendicular to the stretching
axis.[56] To our knowledge, however, no further gomational study has been
implemented to examine the mechanical deformatieatinent of Nafion in the context
of PEM fuel cells. Additionally, no study implemerg mechanical deformation via full-

atomistic MD has been found.
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Figure 1: Chemical structure of Nafion polymer (x =7,y =1, and z = 1).

In this study, full-atomistic MD simulations wereniormed to investigate the
effect of uniaxial deformation on the nanophasecsire and transport properties of
Nafion. For this, the strain of 300 % was inducetocamorphous phase of Nafion with
20 wt. % of water content. Our focus is on chamémtey 1) the structural change in
nanophase-segregation and 2) the correspondinggehantransport properties in the

membrane.

Modeling and Simulations
All simulations were carried out using fully atotnismodels consisting of 1100
EW Nafion water, and hydronium ions. The composition of thafibh system is

summarized in Table 1.

Force Field and Simulation Parameters

We used the DREIDING force field [23] to descrildee tintramolecular and
intermolecular forces in the hydrated Nafion membra The force field is the same as
previously used to study Nafion,[4] Dendrion,[160] 2S-PEEK,[8, 12] sulfonated
polystyrene,[54] and sulfonated sulfone,[55] aslvasl various molecular systems.[57,
58] Water was described using the F3C force fiBf].[The force field for hydronium ion

has been used since it was developed for the diimlstudy of the hydrated Nafion 117
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membrane.[4] The force field parameters used aestime as reported in their original

papers.[23, 59, 60] The DREIDING force field has farm:

Etotal = E\/dW + EQ + Ebond + Eangle + Etorsion + Einversion (11)

where Ea, Evdw, Eq, Evond Eangle Etorsion @and Eawersion are the total, van der Waals,
electrostatic, bond stretching, angle bending,idarand inversion energy components,
respectively. The individual atomic charges wergigmed through Mulliken population
analysis using B3LYP and 6-31G** in Jaguar.[61] dHlestatic interactions were

calculated using the Particle-Particle Particle-M@3PPM) method.

Table 1: Composition of hydrated Nafion 117 systerand simulation conditions

Polymer Nafion
y (PEM)
Molecular weight 11473
(Number of monomeric unit/chain) (20)
Equivalent weight 1147.3
Number of sulfonate 10/chain
Number of atoms 18728
Water content (wt %) 20
Number of water molecule 2392
Number of water molecule/sulfonafe) 15
Density (g/cm) at 353.15 K 1.62
Number of chains 16
System dimension (a=b=c) 61.86 + 0.09 A
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Model Construction and Equilibration

Hydrated Nafion 117 membranes consisting of 16rshaiere constructed with
20 wt % of water content. The total number of atavas 18728 and the number of water
molecules and hydronium ions were 2392 and 16(pectvely. The initial Nafion
structure was built using the Amorphous Builder mledin the Cerius2 software
package.[62] Since this initial structure may contanstable confirmations, the initial
structure of amorphous Nafion membrane was eqatkor using the annealing procedure
as previously used for various membranes.[4, 8, 1%, 20, 54, 55] The annealing
procedure utilizes a systematic variation of thegderature and volume to accelerate the
equilibration of the structure. Please refer tordference[4] for detailed information of

the annealing procedure.

Molecular Dynamics Simulations

Full-atomistic MD simulations were performed usibdMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator)[2Zoftware developed by Sandia
National Laboratory, with modifications to handleet DREIDING force field. The
equations of motion were integrated using the Valgorithm[63] with a time step of
1.0 fs. The Nose-Hoover thermostat[64, 65] for isehermal-isobaric ensemble (NPT)
simulations used a damping relaxation time of @ apd a dimensionless cell mass factor
of 1.0. In this study, the equilibrium MD simulat® were conducted to equilibrate the
structure before and after the deformation.

The non-equilibrium MD simulation of uniaxial defoation was performed to
investigate the effect of deformation on the namsghsegregated structure and transport

properties of Nafion 117. The uniaxial deformatiwas applied up to 300 % strain at
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T=353.15 K for 1 ns, indicating that the strain wagplied uniformly across the
simulation box with the constant strain rate ofoDD86 A/fs, and correspondingly the
atomic coordinates were rescaled to the new boxensmons at each time step. This
procedure was employed for the uniaxial deformationx, y and z-axis directions
independently. As the strain of 300 % was usedxpeemental study,[66] we also
employed the same strain for comparison. Followimgy 1 ns deformation simulation,
each system was allowed to equilibrate for 5 ndNRa. The results from each direction
were statistically averaged. The initial and firsttuctures of the hydrated Nafion

membrane are shown in Figure 2.

(@) Initial structure
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(b) Deformed structure

Figure 2: Simulated Structure of hydrated Nafion 17 membrane (a) before deformation and (b)
after uniaxial deformation with 300% strain deformation in z-axis direction. Gray and green colors
denote carbon and fluorine, respectively, and redrad white colors denote oxygen and hydrogen,
respectively.

Results and Discussion

Nanophase-Segregated Structures

Distribution of Sulfonate Groups

Proton transport in polymer electrolyte membranesucs as hydronium cations diffuse
through the water channels. The water channels a@fioN have been previously
characterized[4] and determined to be more conéudor proton transport as the
channels become more connected and its internadtste approaches that of bulk water
phase. The structure of water channels remainisairtb the proton transport in stretched
Nafion. Thus, the effect of mechanical deformatam the internal structure of water
channels is one of the primary interests in thiglygt Here, we consider the sulfonate
groups of the Nafion as an essential factor inrdateng the nanophase-segregation in
the hydrated membrane since water molecules shgatider around the hydrophilic

sulfonate groups to solvate them, and thereby fasater channels. To investigate the
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distribution of the sulfonate groups, we calculdie pair correlation function (PCF) that

is a time-averaged probability of finding sulfongteups at a distancefrom a sulfonate

group:

gss(r){ s j& 1)

Amr*Ar ) V
where ng is the number of sulfonate groups located at tacer in a shell of thickness
Ar from a sulfonate group\y is in the total sulfonate groups in the systend, ams the
total volume. For direct comparison, the quantify g)ss(r) is multiplied with the
number density of sulfonate groupd) in a unit cell system.
Figure 3 shows the pair correlation of the sultengroup pair,gSS(r), before

and after the deformation of Nafion. The sulforséfonate PCF shows a broad peak
ranging from approximately 5-10 A both before arférathe deformation, suggesting

that the sulfonate groups are likely to be foun@drneach other at a higher relative
probability for this range of distances. While theerall profiles show a similar trend, the
maximum peak positions differ. The undeformed striecshows a PCF peak around 8 A
while the deformed structure has larger intensity-@ A and at 10-15 A, indicating that

the distances among sulfonate groups becomes ffi#drsnore as the membrane is
uniaxially stretched. The sulfonate-sulfonate P@ewsed good agreement with both
profile shapes and peak locations reported in ptevistudies.[4, 10, 18, 52]

Furthermore, the profiles and peak locations of dtieer PCFs reported in this study

show similar agreement with literature.
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Figure 3: Pair correlation function of sulfur-sulfur, pg&o(waler)(r) , in hydrated Nafion.

0.045
0.040 |
0.035 |
0.030
0.025
0.020
0.015
0.010
0.005
0.000

------ Undeformed

——Deformed

pgS-O(water)(r)

3.0 3.5 4.0 4.5 5.0 5.5 6.0
r [Angstrom]

Figure 4: Pair correlation function of sulfur-oxygen, PYs o(waten (r) in hydrated Nafion.
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Solvation of Sulfonate

The effect of deformation on the solvation of thdf@nate groups of Nafion can be

studied using the PCF of the sulfur (sulfonate)xygen (water) pair,09 ouaen ()

shown in Figure 4. The first solvation shell isgad from 3.0 A to 4.75A, observed both
prior to and following deformation. The two diswiiion profiles similarly exhibit a

significantly smaller second peak at 5.25 A. Thentital peak position of PCF indicates
that the deformation does not affect the stren§tihe molecular interaction between the
hydrophilic sulfonate groups and the water molexutowever, the peak intensities of
the two distributions show slight difference, praggy that the sulfonate groups in the
deformed membrane are more solvated by water cadparthose in the undeformed
membrane. The higher intensity implies a greatebability of a water molecule being
located at a particular distance from a sulfonaieig. To quantify this observation, the
coordination number (CN) is calculated by integratihe first solvation shell of the
sulfonate group (Figure 4). From Table 2, it wasnid that the water CN of sulfonate
group in the deformed membrane (6.91) is slighaingér than that in the undeformed
membrane (6.79). We think this difference mighthased by the closer proximity of the

sulfonate groups after the deformation.

Table 2: Coordination numbers

Nafion
S-0 (H0)
Model
CN (S)
Undeformed 6.79
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Figure 5: Pair correlation function of sulfur-oxygen, P90 (hydronium (r) in hydrated Nafion.

Correlation between Sulfonate and Hydronium lons

The PCF of the sulfonate-oxygen (hydronium) paigs og,qonum () is also

analyzed (Figure 5) both before and after the aeddion, showing that the primary peak
is located at ~4.0 A. It is found that the defornmgtem has stronger correlation

between sulfonate and hydronium ions while the esimverlap for the remainder of the
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profile outside of the primary peak area. Consierihat 09 o mydroniun (r) is similar

when the sulfonate groups are solvated by watea wimilar extent, this is not an
expected result. We think that a clue can be fofrodh the previous analysis for

Pds s(r): since the sulfonate groups gather closely, thgrdryum ions would also get

correlated with other sulfonate groups. In ordecaafirm this explanation, we need to

analyze the solvation of the hydronium ions withevadiscussed immediately below.

Solvation of Hydronium lons

As mentioned in the discussion of the sulfonaterbiyim pair correlation, we need to
investigate the solvation of hydronium ions by wdte a complete understanding of the
behavior of hydronium ions in the deformed Nafioembrane. Figure 6 shows that
pgo(hydromum_o(water)(r) is very similar at the peak position (~2.6 A) befand after the

deformation, which is confirmed quantitatively hetwater CN of hydronium ions: 3.45
and 3.44 for the undeformed and the deformed mamebreespectively. This result
indicates that the hydronium ion solvation is nidé@ed by the deformation, which is a

strong evidence that the enhancement,ogg_o(hydmmum(r) is just due to the enhanced

proximity of sulfonate groups. If not, the solvatiof hydronium ions would be reduced

as s o(nyaronium (F) DECOMES enhanced.

Internal Structure of Water Phase

Internal structure of the water phase in hydratglgrper membranes is of critical
importance to proton transport. This has been ksktdol by previous studies, confirming
that improved connectivity of the hydrophilic phasads to better proton transport,

approaching the behavior observed in bulk watee pitoton transport is partially aided
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by the hydrogen-bonding network that is less degyedoin hydrated membranes in
comparison to the bulk water phase.[67-72] Figush@ws that the PCF of the water-
water pair is not sensitive to the mechanical de&dion of the membrane: the peak
position is identical (~2.8 A), indicating that theter phase holds a very similar local

structure via the deformation.
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Figure 6: Pair correlation function of oxygen-oxygen, O0q  qroniun-o(waten (r) in hydrated Nafion.

One of the factors affecting the local structureghe water phase would be the
composition of the system. Since the compositiothefhydrated membrane is the same
before and after the deformation, this simulatiesutt means that the water phase holds
its internal hydrogen bonding network to the samel although the water channels are

rearranged during the deformation. The water Chaisulated as 4.01 and 3.98 for the
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undeformed and the deformed membrane, respectiwdligh is smaller than the water

CN (4.5) for the bulk water.
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Figure 7: Pair correlation function of oxygen-oxyge, P (waten-o(waten (r) in hydrated Nafion.

Extent of Nanophase-Segregation

The nanophase-segregation of the hydrated polymambrane describes the
extent to which the hydrophilic and hydrophobic sgsmare separated. As the nanophase-
segregation proceeds, the water phase developstét:ial structure more with better
hydrogen bonding network. There has been a consetigat a greater extent of
nanophase-segregation is desired to facilitatgpthton transport. Therefore, it is crucial

to quantitatively characterize the effect of medbaindeformation on the nanophase-
segregation of Nafion. For this, the structure daft3] S(k) is calculated as a function

of k vector from the Fourier transform of the pair etation, which is defined as[74]
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where k is the scattering vector, andr; are the position vectors of atoms i and j,

respectively, and\ denotes the number of atoms. The angular brackEguation 10

means an ensemble average.
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Figure 8: Structure factor profile for hydrated Nafion before and after deformation

It is noted that the structure factor for the ieptc structure that is calculated
from the Fourier transform of the PCF, is a spladiycaveraged measure of particle
arrangement in in real space. In this simulationlgt however, the structure is uniaxially
extended, which would develop anisotropic featarthe hydrated membrane. In order to
evaluate the effect of such uniaxial deformatitveréfore, the directional structure factor

was calculated along the direction of specific pemtal space vectork, such as (100),
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(010), and (001). These directions are chosen baisde deformation direction during
our MD simulations.

Figure 8 shows the structure factor profile caltadarom hydrated Nafion before
and after deformation. The structure factor prefige calculated as a function of the
scattering vectork. Before the deformation, the strongest peak imdoat k=2 [LA]*
whereas its intensity is significantly decreaserathe deformation, especially in the
direction of extension. We think this change in gweicture factor profile indicates that
the nanophase-segregated structure is significal@lgrmed and rearranged during the
uniaxial extension, and thereby the long rangeetation along the extended direction is
suppressed very much. The other directions perpeladito the extended direction also
shows a small reduction in their intensity in FguB, meaning that the nanophase-
segregated structure in the hydrated Nafion menebtases some portion of the long
range correlation at k=2 [LA] during the deformation. Instead, it should be ddtet
the longest range correlation in our structure dagirofile analysis at k=1 [LA} is
increased more than 2 folds. We believe this iy wégar evidence that the nanophase-
segregated structure develops greatly in the pdrpalar direction to the extended
direction, implying a more developed water phaseespondingly, since the enhanced
segregation and developed water phase are desifableansport properties in the

membrane.

Transport Properties
Perhaps most indicative of the performance of pretcchange membranes is the
water and proton transport properties. Previoudissuhave established that water and

hydronium ion diffusion are enhanced in more namasphksegregated structures, where
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water molecules approach a bulk water-like str&cf®, 75] Such diffusion
enhancement of water and hydronium ions is mostby/ td the higher phase-segregation
in membrane and well-developed hydrogen bondingvardt in water phase. Here, we
use the mean squared displacement (MSD) of bothrveaitd hydronium ion molecules,
calculated from the last one nanosecond of anibgatiéd deformed Nafion structure for
comparison to the MSD from the undeformed membrahe. diffusion coefficientsD,

are then obtained from the linear region of the M#lihg the following limit:

D=|imi<(r(t)—r(o))2> (4)

= 6t

wherer(t) andr(0) are the positions of a water molecule at ttraad zero, respectively.
In this case, the diffusion coefficient is proponal to the slope of the linear asymptote
of the MSD plot. The MSD plot for water molecules shown in Figure 9, and the
estimated diffusion coefficient of water is presehin Table 3. The vehicular diffusion
coefficient of hydronium ions is also calculatedngsthe same way used for water
molecule. The MSD plot for hydronium is shown irglie 10. The hopping diffusion
coefficient is calculated using the quantum meaterenergy barrier and transition state
theory as described our previous works.[20]

Table 3: Diffusion coefficients (D) of water and hgronium ions

D (x10° cm?/s)

. . Hydronium
Simulation Water : :
Vehicular Hopping Total
Undeformed 0.3699 0.1278 0.2435 0.3713
Deformed 0.4823 0.1407 0.2376 0.3784

First, the diffusion coefficient of water shows é&ea dependency on the

deformation, which is consistent with the developmef nanophase-segregation in the
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membrane. In other words, the water phases areectgthmore through the deformation,
which increases the long-range correlation in themtorane and thereby the water

diffusion becomes greater by 30 %.
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Figure 9: Mean squared displacement of water in Nabn before and after deformation.

On the other hand, the hydronium ion diffusion does$ increase much: the
vehicular diffusion coefficient is increased by 20 while the hopping diffusion
coefficient is decreased by 2.4 %. Therefore, thexall change is 2 % increase due to the
deformation. The calculated diffusion coefficierdemonstrate qualitative agreement
regarding the vehicular component of diffusion o&te&r and hydronium ions with

previous studies.[4, 52]
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Figure 10: Mean squared displacement of hydroniumans in Nafion before and after deformation.

Directional Transport Properties

To confirm whether hydronium diffusion is unaffettdoy deformation an
additional 15 ns simulation was performed followihg initial equilibration simulation
for each deformed structure. To account for theafdf the deformation, an anisotropic
Mean Squared Displacement is calculated, accoufinthe six directional components
along with the isotropic average. Of particulaenest are the in-plane and through-plane
diffusion of water and hydronium. These diffusigegiare calculated and averaged for the
three stretching directions as shown in Table 4 fdsults of the 15 ns simulation show
agreement with the initial 5 ns study and the naasp development indicated by the
structure factor. The diffusivity of water improvesgnificantly in the direction
perpendicular to drawing, while showing little clgann the parallel direction. The effect

of deformation on hydronium transport remains irdosive. Similar to the original
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simulation, the vehicular diffusion is enhancedbwth the in-plane and through-plane

directions. However, no significant difference sserved between these two directions.

Table 4: Vehicular directional diffusion coefficierts (D) of water and hydronium ions from extended
MD simulation

D (x10° cm?/s)

Simulation Water Hydronium
Undeformed 0.1547 0.0959
Deformed (in-plane) 0.1536 0.1230
Deformed (through-plane) 0.2665 0.1023

Currently, our simulation does not fully explairetimcrease of diffusion observed
in experiment.[51] Thus, it is suggested to ingse the hydrated membrane using

large-scale simulation methods such as coarseagtditD simulation.

Summary

We performed molecular dynamics simulations of hyehl Nafion polymer
electrolyte membrane to evaluate the effect of xialanechanical deformation on the
structure and transport properties. All simulatiovere performed using fully atomistic
models of hydrated Nafion membranes with 20 wt. &ewcontent at 353 K. The system
was deformed uniaxially in each of the x, y, andirections for 1 ns, and then re-
equilibrated for 5 ns via NPT MD simulations whigfovided statistical data for analysis.

The distribution of sulfonate was analyzed usimgPCF of the sulfur-sulfur pair,
showing a decrease in distance among sulfonategraa the deformation. The PCF of
the sulfonate-water pair suggested that sulfonatenore solvated in the deformed
membrane. It was also discovered from the PCFefthfonate-hydronium pair that the
correlation between sulfonate and hydronium ioreobees stronger without affecting the

water-water correlation and hydronium-water cotreta Thus, it was concluded that the
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uniaxial deformation induced the structural chamgethe membrane, especially the
sulfonate distribution. The other local structuregshe membrane such the correlations
for the hydronium-water pair and the water-wateir @ do not seem to undergo
significant change.

The extent of the nanophase-segregation was al&stigated using directional
structure factor profile. It was found that thederange correlation was developed in the
perpendicular direction to the extension througle thanophase-segregation. The
improved long range correlation implies better cwnus water phase throughout the
membrane, and therefore, advantageous for proaosport.

Last, transport properties were assessed by a#ilogl the mean squared
displacement of both water and hydronium ions. Aftee deformation, the water
diffusion was enhanced by 30 % while the hydroniamdiffusion was so by only 2 %,
which is less than the experimental observationtelided MD simulations also
confirmed these results. The diffusivity of waparallel to the draw direction was found
to show insignificant change while improving in tireough-plane directions, suggesting
that transport properties are enhanced in the tthreperpendicular to deformation. For
further investigation, it is suggested to utilizege-scale simulation methods in order to
fully elucidate the effect of mechanical deformatiof the membrane on the structural
and transport properties.

Previous experimental results report improved PEMIerformance in stretched
membranes, citing increased power density and estutethanol permeability. While
the scope of our simulations cannot capture theléasdale results, the changes observed

in our deformed membrane, specifically, more na@agpksegregation and water
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transport, suggest improved PEMFC performance dis We do acknowledge that our
methodology, namely, uniaxial deformation, is nohducted in the same manner of pre-
stretching and recasting with appropriate solvastslemonstrated experimentally. We
also cannot comment on the stability of a membudefermed in this manner. However,
our simulations do demonstrate that membrane defitom can be advantageous in fuel

cell applications.
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CHAPTER 4

HYDROCARBON BASED PROTON EXCHANGE MEMBRANES

To address the high cost and performance limitatioh Nafion and other
perfluorinated sulfonic acid ionomers, a numbersolfonated aromatic polymers have
been synthesized and studied. Molecular dynamigsilations were used to study
hydrocarbon-based proton exchange membranes systamarently, these systems
typically do not exhibit the same ionic conduciest as perfluorinated backbone based
membranes. One strategy to improve the ionic candtycis to engineer membranes
with well-connected water channels. To initiaterayes in the nanoscale morphology of
the membrane, the backbone or side chain structarsbe modified. A number of
studies have investigated various backbones inojudi polystyrenes,[76]
poly(phenylene)s,[47] poly(arylene ether ketoné)s,[ 77-85] poly(arylene ether
sulfone)s,[45, 55, 81, 83-86] and polyimides[87-:8%ss attention has been dedicated to
clarifying the effect of side-chains on structureldransport properties. Here, extensive
study was conducted to investigate the role of sagidic side chain structures on
aromatic polymer fuel cell membranes. This work wast of a broader collaborative
effort with experimental research groups and expdngobon earlier computational study
of similar polymer membrane systems. Here, protmmdacting superacidic polymer
membranes with varying pendant acidic sulfonateetres were simulated via full-
atomistic molecular dynamics. For comparison witlofopolymer-based PEMs, one
representative polymer was selected and subjecteétdet same deformation procedure

described earlier in Chapter 3.
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The work presented here was published partiallyvaccromolecule$90] This
study was performed in collaboration with experitaénpartners at Rensselaer
Polytechnic Institute and The Pennsylvania Statevédsity. Our collaborator provided
the experimental results presented here and remuestr insight to help explain the
behavior of the newly synthesized polymers presergnthetic details not immediately

pertinent to this work are included in the appendix
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Figure 11: Aromatic polymer backbone and superacidi fluoroalkyl pendants

Proton-conducting superacidic polymer membranes wifferent fluoroalkyl
sulfonate pendants on an aromatic polymer werehsgited via C—H borylation and

Suzuki coupling reactions. Variation in chemicalustures of pendant sulfonates and
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their effects on membrane properties including watetake, ion exchange capacity
(IEC), morphology and proton conductivity were gysically investigated. Chang et al.
[90] found the membrane containing the short —-OQFAS pendant (PSUspshowed a

smaller hydrophilic domain size and lower protomabactivity than those containing the
longer pendants —-OCF2CF2SO3H (PSy-&d —SCF2CF2S0O3H (PSU)®ecause of

the short chain’s less favorable aggregation anéi@cidity. Sulfone linkage-containing
fluoroalkyl sulfonate (-SO2CF2CF2S0O3H) was found tm be suitable for PEM

applications as it easily undergoes desulfonati®olymer membrane with branched
fluoroalkyl sulfonate pendants (PSW}Save larger ionic domain size, more uniform
hydrophilic channels, and higher proton condudtithitan polymer membrane with linear

pendant chains (PSUJS

Introduction

Increasing concerns about the environmental imphour heavy dependence on
fossil fuels have motivated research on alternatiean energy technologies. Proton
exchange membrane (PEM) fuel cells, which are cmagrof a cathode, an anode, and a
PEM, generate electricity cleanly via electrocheahreactions of hydrogen and oxygen,
and give water as the only byproduct.[91-95] Theettgpment of perfluorosulfonic acid
ionomers, such as Nafi6nhas greatly contributed to fuel-cell technologiasd these
materials are still widely used as the benchmarknbrane in fuel cells. Due to its
perfluorinated polymer structure and superacidindaat side chain, Nafion possesses
high proton conductivity as well as good chemid¢abgity. However, Nafion is still not
an ideal PEM material, and its drawbacks (e.gh laigst, low operation temperature and

high methanol crossover) mean that developmentltefnative PEMs is needed for
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successful adoption of fuel cells as reliable epeggnerators.[96-99] Over the past
decades, extensive efforts have been devoted tdehelopment of hydrocarbon-based
PEMs, and many aryl and alkyl sulfonated polymexrgehbeen described.[100-106] In
general, these sulfonated aromatic polymer PEMdI saxeessively on hydration and
give much lower proton conductivity than Nafion wheelative humidity (RH) is
reduced. If a PEM provides good proton conductigityigh temperature (above 100 °C)
and low RH, it can bring many desirable advantdgdble fuel-cell system, such as high
electrode reaction kinetics, good tolerance toweadbon monoxide impurity, and
simplified water management.[98, 103, 107-109] Tahieve this, creation of well-
connected hydrophilic channels within PEMs throagbhitectural controls of polymer
morphology has been pursued over the past decameexample, several sulfonated
multi-block copolymers[110-112Znd graft polymers[113-116] show significantly hegh
proton conductivities at low RH conditions than wentional randomly sulfonated
polymers due to the facilitated proton transpothuai the hydrophilic channels.
Previously, our groups suggested strong acidityetirienhancement of proton
conductivity as an alternative approach to highfqggarance PEMs. To investigate the
acidity effect of sulfonates, our collaborators teysized polystyrenes and polysulfones
functionalized with fluoroalkyl sulfonate, aryl $ohate, and alkyl sulfonate pendants and
compared their membrane performances. Among thaordélkyl sulfonated polymers
demonstrated significantly higher proton condutitg especially at low RH than those
with less acidic sulfonated polymers.[54, 55] Weilaiited these observations to the fact
that that the fluoroalkyl sulfonated groups of sapelic polymers have better proton

dissociation and the resulting ionic species teadattract more water molecules.
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Morphological differences among polymers functiarted with different sulfonate
groups were found to be insignificant, supportinge tconclusions that proton
conductivity enhancement of superacid PEMs is napmology-driven but is an acidity-
driven effect. Similar improvements in performanaie superacidic PEMs have been
reported by other groups too.[117-122] While thare still different opinions on the
ideal chemical structure of PEM, we believe fludkghsulfonate is the best side chain
structure for a PEM because it can promote protordactivity at low RH without the
need to increase ion exchange capacity (IEC), wiimhld induce more water absorption
and sacrifice the membrane’s mechanical properfiesdate, however, there are very
few examples of hydrocarbon-based superacidic pedgnwith different structures. To
begin to fill this important gap in our knowledgé BEM membrane materials, our
collaborators have now synthesized polysulfonestfanalized with different fluoroalkyl
sulfonated pendants and systematically studiedetfexts of their structures on proton
conductivity, water properties and morphology.

Computational simulations of the superacidic PEMerew performed to
understand the sulfonated structure—fuel cell mambproperty relationships. The study
sought to establish a relationship between theitgciehd chemical structure of several
ionic pendant groups and the properties of PEMghat molecular level. Notably,
attention was given to the dissociation and aciditthe ionic groups and the nanophase-
segregated morphology, as the development of wditannels is critical to membrane
transport properties. Initially, full-atomistic neadular dynamics simulations were
conducted with water contents of 10 and 20 wt 25815 K. However, due to the wide

variation in water uptake observed experimentalyglitional simulations were carried
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out reflecting the measured water content. Theseected systems were used for the

analyses presented here.
Computational Models and Methods

Force Field and Simulation Parameters

We used the DREIDING force field [23] to descrildee tintramolecular and
intermolecular forces in the hydrated polysulforasdd membranes. The force field is
the same as previously used to study Nafion,[4]dDien,[16, 20] sulfonated poly(ether
ether ketone),[8, 12] and sulfonated polystyrerg,[&s well as various molecular
systems.[57, 58] Water was described using the 68 field.[59] The force field for
hydronium ion has been used since it was develdpedhe simulation study of the
hydrated Nafion membrane.[4] The force field pareareeused are the same as reported

in their original papers.[23, 59, 60] The form bétpotential energy used is:

Eiota = BEvaw + Bq + Boona + Bangie ¥ Btorsion + Binversion (11)

where Eota, Evaws Eq, Evona Eangle Etorsion @nd Eersion are the total, van der Waals,
electrostatic, bond stretching, angle bending,idarand inversion energy components,
respectively. The individual atomic charges wergigmed through Mulliken population
analysis using B3LYP and 6-31G** in Jaguar.[61] Tarticle-Particle Particle-Mesh
(PPPM) method was used to calculate electrostatigcactions.[21]

The annealing and equilibration MD simulations evgrerformed using the
LAMMPS (Large-scale Atomic/Molecular Massively PigbSimulator) code developed
by Plimpton at Sandia National Laboratories.[123]JeTcode was used with some

modifications to integrate our force fields.[4] Tkguations of motion were integrated
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using the velocity Verlet algorithm with a time gtef 1.0 fs. The Nose-Hoover
temperature thermostat for the NVT and NPT simaregiused a damping relaxation time

of 0.1 ps and a dimensionless cell mass factorGf 1

Construction and Equilibration of Amorphous Membrane

Using a full atomistic simulation method, we intrgate the nanophase-
segregated structure and transport properties tegig@olysulfone membranes at 353.15
K. The simulated hydrated membrane systems coos$isour chains of polysulfone
ionomers and water molecules with 24—-37 wt % asnsanzed in Table 5. The degree of
polymerization and the degree of sulfonation wesets 40 and 200, respectively. The
sulfonated units were selected randomly from 4@aépg units in the backbone and all

of the sulfonic acid groups are assumed to be @@héis assumed in the previous studies.

Table 5: Composition of hydrated PSU membranes ansimulation parameters

lonomers PSU-§ PSU-§ PSU-§ PSU-§
Molecular weight per chain (Daltons) 39362 40642 3&5 73682
Equivalent weight 492 508 442 461
Dimension of simulation cell () 64.36 64.75 62.39 80.21
Number of sulfonate groups per chain 80 80 80 160
Density (g/cm3) at 353.15 K 1.23 1.30 1.26 1.31
Water content (wt %) 24 29 29 37
A° 6.8 8.5 7.3 9.6

#The water content in each simulation was setecettperimental value for the water uptake
b A = number of water molecules per sulfonate group

The initial amorphous structures of hydrated pdigsie ionomers were
constructed using the Amorphous Builder of Cerijdsl] Since such initial structures of
polymeric materials may include unstable confororaj they were equilibrated using
the annealing procedure as used in the previoulestwf Nafion,[4] Dendrion[16, 20]

and sulfonated poly(ether ether ketone)[11] memdsawhich accelerates the attainment
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of equilibrium by driving the system repeatedlyatngh 5 cycles of thermal annealing
(between 300 and 600 K) and volume annealing (tetvaensities of 0.5 to 1.1 times the
expected density). This procedure aims to helpsystem escape from various local
minima and promote the migration of species requifer phase-segregation in

heterogeneous systems, whose detailed steps arngdesn the previous publications.

Figure 12: Equilibrated PSU structures (a) PSU-g (b) PSU-S, (c) PSU-§ and (d) PSU-3
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After finishing the annealing cyclesa 100ps NVT MD simulation and a
subsequent 5 ns NPT MD simulation were performed3%8.15 K to finalize the
annealing procedure. Then, another 15 ns NPT strootawere performed at 353.15 K

for data collection.

Results and Discussion

Experimental Results of Hydrocarbon lonomers

The synthesis and experimental characterizatioth@fPSU polymers presented
here were performed by the Bae Research Group laaiPthe Hickner Research Group
at Penn State.[90]

Table 6 summarizes the membrane properties ofilbeofalkyl sulfonated PSUs.
The NMR-based IEC values (IECNMR) were estimatedhfthe 1H NMR spectra using
the integral ratio of the methyl pendant groupsP&U-Sn-Ar and the isopropylidene
group of the polymer backbone. IECs were also nredsfrom titration (IECtitr), and
they matched well with the IECNMR values (1.9-2.2qguiv/g). Between the two IEC
measurement methods, IECNMR values would be begfective of the final polymer
structure because IECtitr values are sensitiveetaaining water content of hygroscopic
membranes in the dried state. Titration may aldobeoable to have good access to the

buried sulfonate groups within the hydrophobic dorsa

Table 6: Properties of Fluoroalkyl Sulfonated PSUsind Comparison with Nafion

IEC (mequiv/g)

Sulfonated polymef* Water uptake?  °
NMR®  titr €
PSU-§ 1.97 1.83 24 6.8
PSU-S 1.91 1.96 29 5.8
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PSU-S 2.19 1.99 29 7.3
PSU-S 2.13 2.23 37 9.6
Nafion 112 0.86 15 9.7

2 All sulfonated PSUs contain average of 1.9 sulfa groups per repeating unit (190 mol %EC
calculated from polymer structure based on thegnaferatio of 1H NMR spectrum of 3,5-dimethylphenol
protected sulfonated PSEIEC measured by titratiofl Water uptake (%) = (Wwet — Wdry)/Wdry, where
Wdry and Wwet are the weights of dried and wet mambs, respectively. Water uptake of wet membrane
was measured at 30 °C and 98% RHydration number (i.e., molar ratio of water moliesuper sulfonate
group) at 98% RH.

Figure 13shows the humidity-dependent water uptake valueb faydration
numbers (i.e., the number of water molecules pdr$@B8H). As shown in Table 6, the
water uptake values of the PSU membranes gendrdlow the trend of IEC values
except for PSU-$ Although PSU-§and PSU-§have comparable IECNMR, the water
uptake and hydration number of the former wereiggmtly smaller in comparison to
the latter. Although all PSU-Sn of Table 6 haveeapidic fluoroalkyl sulfonated side
chains, PSU-§had consistently higher water uptake and hydratiembers than other

sulfonated PSU membranes.
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Figure 13: Water uptake (a) and hydration number (f of fluoroalkyl sulfonated PSUs versus relative
humidity at 30 °C. These measurements were obtainddy from experimental measurements
performed by our collaborators.[90]

In-plane proton conductivities of the sulfonatedJP8embranes and Nafion 112
were measured as a function of RH at 100 °C, aeddtta are shown in Figure 14.
Among sulfonated PSU membranes, PSU3&ve the highest conductivity over a wide
range of humidity and showed values even highen tRafion at 50% RH or above.
Although PSU-S5 has higher IECNMR and greater wapgake than PSU:§2.19 vs
1.97 mequiv/g and 29 vs 24% for IECNMR and waterk@, respectively), this sample
had lower proton conductivity than PSU-S1. NotidgaBSU-S gave significantly lower
conductivity than all other PSU membranes over ¢héire RH range. This inferior

performance might be due to the presence of theeshftuoroalkyl chain (-OCF2-)
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which has weaker electron-withdrawing ability and,a result, led to a lower degree of
dissociation of the sulfonate group. Thus, we acamclude that at least two CF2 groups
are needed to obtain the desired superacidic fumatity of the sulfonate, which has been

demonstrated computationally by Yeh et al.[125]

100
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Figure 14: Proton conductivity of sulfonated PSUs ersus relative humidity at 100 °C. These
measurements were obtained by from experimental mearements performed by our
collaborators.[90]

PSU-§ and PSU-% have almost the same IECNMR (1.97 vs 1.91 meqgyiv/g
however, the latter polymer absorbed more waterhadhigher proton conductivity than
the former. The only difference in chemical struetbetween the two polymers is the
linkage to the fluoroalkyl group: thioether (-SCHZZ) for PSU-$ versus ether

(-OCF2CF2-) for PSU-S Because sulfur atom is larger and has a highlaripability
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than oxygen atom, it is possible that PSpath a thioether linkage might absorb more

water molecules than PSU-®ith an ether linkage, giving enhanced proton cahdity.

Morphology

The morphology of sulfonated PSU membranes wasiestubdy transmission
electron microscopy (TEM) and small-angle X-raytsaang (SAXS). For the TEM
characterization, membranes were stained with deathte.[126] Therefore, the dark and
light areas in the images represent the hydropénat hydrophobic domains, respectively
(Figure 15). All fluoroalkyl sulfonated PSU membearshowed distinct phase separation.
The hydrophilic domains range from 1 to 3 nm, whégch smaller than those of Nafion
112 (3 to 5 nm). This difference may be due to mlmoation of less hydrophobic and
more rigid backbone structure and shorter pendaains of PSU-Sn compared to those
of Nafion. Compared to PSUrSPSU-3 with branched pendant chains showed larger
hydrophilic domains while PSUsSwith a short tethered chain had smaller hydrogphili
domains in the TEM images. This trend might beibsdrto the shorter side chains of
the S5-polymer and its less favorable aggregatemabior of the hydrophilic sulfonate
head groups. However, it is difficult to draw dé#n conclusions about overall
morphological structure from the TEM images becatisey give only a small

representation of the morphology of a limited sagrkea of the membrane.
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Nafion 112

Figure 15: TEM images of Nafion 112 and superacidisulfonated PSU membranes.[90]

To complement the localized morphology study of THNe average nanoscale
morphology in bulk of the sulfonated PSU membramas studied using SAXS. Because
the X-ray beam of our in-house SAXS is about 0.4 mndiameter (defined by the
second pinhole from the rotating anode), these umeasents reflect averaged
morphology of the membranes over a relatively laagea as compared to the TEM
measurements. Figure 16 shows the SAXS profildPBU-3, -S,, -Ss, and -3 in their
sodium salt form. Both H+ and Na+ forms of the mesnles were analyzed but the
membranes in Na+ form showed a more pronounceérpatf phase separation (i.e.,
peaks in Na+ form were narrower than those in Hijcand gave higher intensity peaks

owing to the greater electron density of sodium garad to hydrogen.
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Figure 16: SAXS profiles for PSU-$ (red), PSU-3 (green), PSU-$ (orange), PSU-$ (blue), and
unfunctionalized PSU (purple) in sodium salt form.Data in the inset are plotted on a logarithmic
scale.[90]

SAXS data allows the quantitative comparison ofdtierall interdomain spacing
distance based on the position of the correlatieakp g*. As shown in Figure 16,
unfunctionalized PSU did not show any sign of phsejgaration in the g-regions from
0.5 to 3.4 nrit, while broad-yet-distinct interdomain correlatipeaks were present in all
functionalized PSU membranes. These phase-sepacaieddomains were likely to be
formed by the self-assembly of fluoroalkyl sulfoght pendant groups along the

hydrocarbon PSU backbone chain in the bulk memistane

Table 7: Interdomain Spacing (d) of Sulfonated PSWlembranes

Polymer ? q° (L/A) d® (nm)

PSU-§ 0.24 2.61
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PSU-S 0.24 2.61
PSU-S§ 0.24 2.61
PSU-$ 0.22 2.80

2Sulfonated polymer in Na+ forfiValue at peak maximuriCalculated from g* using d ="

As indicated by the solid arrows in the inset ofjfe 16, PSU-S6 exhibited a
distinct peak maximum at a lower g value than ahthe other PSU membranes. This
lower g* value reflects a larger distance betwed®snibnic domains, as calculated from
the peak maxima using the equation d g2 (listed in Table 7). The larger domain
spacing for the PSUgSsample presumably resulted from its bulky and ¢hed
fluoroalkyl sulfonate group. The larger d-spacimgHSU-S6 (2.80 nm) correlates well
with the larger size and branched structure of $erelative to $ &, and S.
Furthermore, because PSYsas two sulfonate groups per repeat unit instdfajdish
one, it could create greater localized charge demsid larger domains with greater d-
spacing, resulting in stronger SAXS scattering @sit upon phase separation. Most
importantly, these morphology data suggest that-BShhas more uniform ionic channel
size and a distinct phase separation of hydropHiimains since its scattering peak is
narrower and more intense than the other samplesording to the SAXS data in Table
7, all other functionalized polymers (i.e., PSU-&,, and -3) have a shorter and almost
identical interdomain spacing of 2.61 nm. Thisnelgably because they all have broader
peaks with lower intensity in the SAXS profile. Adtugh the morphology structures of
PSU-S1, -S4, and -S5 from TEM analysis are sligtitiierent each other, they all could
be characterized by a wide distribution of diffareizes of interdomain spacing between

ionic channels. Such a wide distribution of domaimes is likely to result in the
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development of “bottleneck” regions in the ionia@ohels, leading to lower conductivity

compared to that of PSUs.S

Simulation Results of Superacid Polysulfones
The experimental data above demonstrate differeincesgembrane properties but

offer no mechanistic insight. We investigated tlffea@ of acid strength on nanophase-
segregated structure and transport properties uswmigcular dynamics simulations. We
elected to simulate all four of the synthesizedypars, PSU-S1, -S4, -S5, and -S6.
Despite the identical backbone structure, the higbacentration of sulfonic groups and
bulkier pendant group in the PSU-S6 system requspesgtial attention. Results obtained
at 20 wt % hydration conditions were consistenthveixperimental observations only for

PSU-S, -S, and -S. For accurate comparison with PSkl-8ll of the membranes were

re-simulated with a water content matching the d@rpental water uptake. We believe

that a comparison of the simulated properties jpiewia theoretical understanding of the

effect of acidity on structure and transport praipsrin proton exchange membranes.

We investigated the nano-scale structures of PSURSU-3, PSU-g and PSU-
Ss using full-atomistic molecular dynamics (MD) siratibn method, which was used in
our previous studies of sulfonated poly (arylenéneet sulfone)[55] and other
polymers.[54, 127-132] To understand the effecthaf pendant superacidic groups, a
polysulfone backbone with the same degree of satfon (200 mol%) was selected. The
materials and simulation parameters are listedahlel' 5. The water contents of the
simulated polymer system were set to be the santleeasxperimental water uptakes of

Table 6 to mimic the experimental conditions of tagdd membranes.
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Structure Factor Profile Analysis

To quantitatively analyze the effect of sulfonagath group on the nanophase-
segregated morphology of the materials, we caledl#te structure factor, §( as used

in previous studies of hydrated polymer membrafié$s() is defined as:
S(a)= <ZZexp(iq [; )(fifj _<<r>2)>/ - ®

where the angular bracket denotes a thermal stafisiverage,& represents a local
density contrasfg) -¢l), d is the scattering vector angl is the vector between the sites

andj. While SAXS and SANS experiments rely on scattgtength density contrast, the

structure factor is calculated from an artificis@ngdity contrast as follows. The local
density variables arey) and ¢ : where qu is equal to 1 if the sitgis occupied by a
hydrophilic entity such as water or sulfonate greuma equal to O otherwise, amé is

equal to 1 if the site is occupied by hydrophobititees such as the polysulfone
backbone or equal to zero otherwise. The quant{ty) & spherically averaged as

follows:

with g = (2¢/L)n, wheren = 1,2,3,--- denotes that, for a given n, a spdlesitell is taken

as n—1/Z qU2z< n+1/2.
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Figure 17: Structure factor profiles calculated fran PSU- S1 (red), PSU- S4 (brown), PSU- S5
(green), and PSU- S6 (blue) with experimental wateuptake. The interdomain spacings calculated
from gmax are 2.4 nm, 2.5 nm, 2.3 nm and 3.5 nm foPSU-S1, PSU-S4, PSU-S5, and PSU-S6,

respectively.

The simulated structure factor profiles in Figuré dhow that the calculated
interdomain spacing are 2.4 nm, 2.5 nm, 2.3 nm and 3.5 nm for PQURPSU-3, PSU-
Ss, and PSU-§ respectively. These values are calculated fraamthx = 2t/d. Although
our simulated d values are slightly smaller thanséh measured from the SAXS
experiments (Figure 1@nd Figure 17), both data present a consistentiusion: PSU-
S;, PSU-3, and PSU-§have similard values and PSUgsShas a significantly larged
value than those of the mono-sulfonated PSUs. [uehé difference in electron-

withdrawing ability of the pendant groups (-Ci— vs. —Ck—), more acidic PSU-S
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and PSU-% can form better-developed nanophase-segregatitn aviarger d spacing

than less acidic PSUsS

Another point to note is the unique nanophase-gatjen behavior of PSUgsS
which has the largest d spacing in both SAXS anmuikition. Considering the acidity of
sulfonate in PSU-8will be similar to that in PSU-$Sthe highest proton conductivity and
the largest d spacing of the former suggest tlebthnched sulfonate side chain of PSU-
S¢ can generate better developed water channel cechpar the rest of the mono-

sulfonated polymer membranes in this study.

Dissociation of Sulfonate Groups

The proton dissociation from sulfonate group cannberpreted as a measure of
the acidity strength in hydrated polymer membrafeus, in order to investigate the
extent of proton dissociation from each sulfonat®ug, we calculated the pair
correlations of sulfonate-hydronium paigs.o (ydroniumy The definition of pair correlation
function, ga.s(r), is the probability density of finding B atoms atdistance from A

atoms averaged over the equilibrium trajectoryremsvé in equation 1:

95 1) = (4nrr]3Ar] /(%] @)

whereng is the number of B particles located at a distansea shell of thicknesar

from particle A,Ng is the number of B particles in the system, and the total volume
of the system.

The pair correlation for the sulfonate-hydroniuairpgn Figure 18 indicates the
effect of acidity on local structure. The more aciBSU-$ can more readily dissociate

and has the lowest pair intensity.
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Figure 18: Calculated pair correlation functions of sulfonate—hydronium ion in PSU-S1 (red), PSU-
S4 (brown), PSU-S5 (green), and PSU-S6 (blue). Véatcontent was set to match experimental water
uptake.

The pgs.o (hydroniumydata in Figure 18 showed that PSU&hd PSU-$ have a similar
sulfonate-hydronium correlation while PS4Y-&d PSU-§have the most and the least
correlations, respectively. These simulation resatjree well with our structure factor
profiles and SAXS data which indicate that the oxfenanophase-segregation is PS4J-S
> PSU-§ =~ PSU-3 > PSU-8. The least electron-withdrawing —&Fgroup seems to
impart the lower acidity, more tightly bound watarolecules and less developed
nanophase segregated structures for PSth& other sulfonated PSUs in this study.
Overall, we found the acidity difference in a sergd superacidic PSUsSnembranes is

well reflected in the structure factor and the gairelations of sulfonate-hydronium.
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Transport Properties

As previously described, the diffusivity can bdcoéated from the slope of the
MSD obtained from MD simulation. The following edia is used to calculate the

diffusivity.

D =lim é<(r (t)- r(O))2> (4)

wherer(t) andr(0) are the positions of a water molecule at ttraed zero, respectively.
The calculated diffusion coefficients only represtre vehicular diffusion of water and
hydronium. The classical MD simulations performed ot account for secondary
mechanisms of transport, including proton hoppimg hydronium. The vehicular

diffusivities of water and hydronium are shown able 8.

Table 8. Vehicular diffusion of equilibrated PSU-b&ed membranes with experimental levels of
hydration

D (x10° cm’/s)

Water Hydronium
PSU-S1 0.0913 0.0094
PSU-S4 0.1363 0.0252
PSU-S5 0.0889 0.0132
PSU-S6 0.2237 0.0402

The calculated diffusivities show a clear agreemwith the observed experimental
results and calculated nano-phase segregation.weder, the diffusion coefficient
ordering is PSU-§> PSU-3 > PSU-$ > PSU-3. This trend is slightly different for
hydronium, with the rankings as follows: PSW-$ PSU-§ > PSU-§ > PSU-S.

Overall, these trends agree with the conductiviteEsulated experimentally.
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Deformation

Following the publication of this work, additionsimulations were conducted to
investigate the effect of mechanical deformation lgmdrocarbon-based PEMs. For
comparison with fluoropolymer-based PEMs, one regméative polymer was selected
and subjected to the same simulation procedureridedcearlier in Chapter 3. PSU-S
was selected for comparison with Nafion. For dir@mtnparison, a level of hydration of
20 wt % was used for both systems. The P3$ifilarly showed little change in the
local structure following deformation. However, thrisotropic structure factor Figure
19) shows a similar trend as observed in Nafiore Tiitensity is shown to decrease
following deformation, with no apparent peak at thain position of q = 1. 5 [LA} in
the direction parallel to extension. In directiggexpendicular to stretching, the intensity
of the calculated structure factor is nearly thmesas for undeformed PSU-S. We believe
this is very clear evidence that the nanophasesgatgd structure develops greatly in the
perpendicular direction to the extended directiomplying a more developed water phase
correspondingly, since the enhanced segregatiomleveloped water phase are desirable
for transport properties in the membrane. Stilljract comparison to Nafion is necessary

to determine how deformed PSY8ould perform in a PEM.
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Figure 19: Structure factor profile for PSU-S with 20 wt % water content.

The calculated vehicular diffusivities of water amgironium for undeformed and
deformed Nafion and PSUr$ollowing 5 ns of equilibrium MD are shown in Tab®.
The overall diffusivities are shown to improve footh Nafion and PSU Sfollowing
deformation. Similarly, the water diffusivities ashown to be lower in the direction
parallel to drawing compared to the perpendiculegations. This further supports the

hypothesis that conductivity is improved throughs@ in deformed polymer membranes.

Table 9. Vehicular diffusion coefficients (D) of wéer and hydronium ions

D (x10° cm/s)

Simulation Water Hydronium
Total Def Perp. DefExt.| Total DefPerp. Def Ext.

Undeformed Nafion | 0.3699 0.1911 0.1726| 0.1278 0.0692 0.0534
Deformed Nafion | 0.5592 0.2909 0.2570| 0.1506 0.0737 0.0785
Undeformed PSU-S | 0.0913  0.0462 0.0446| 0.0094 0.0038 0.0064
Deformed PSU-S | 0.5850 0.3627 0.1521| 0.0124 0.0073 0.0039
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Conclusions

We have studied a series of superacidic polymentagung different fluoroalkyl
sulfonate groups and systematically investigatedstnuctural influence of sulfonic acid
pendant (e.g., side chain length, linear vs. braddtructure, ether vs. thioether linkage)
on PEM properties (e.g., water uptake, IEC, pratonductivity, and morphology). The
membrane containing short —-OCF2SO3H pendant shemedler hydrophilic domain
size and lower proton conductivity than the meméraontaining —OCF2CF2SO3H
because of its less favorable aggregation of sateogroups and lower acidity. Sulfone
(-S0O2-) linkage-containing fluoroalkyl sulfonaterist suitable for PEM applications
because it easily undergoes desulfonation. Thenpedynembrane with —-SCF2CF2SO3H
pendant chains (PSU-S4) absorbed more water arveeshenhanced proton conductivity
than the polymer with —OCF2CF2SO3H chains (PSU-$b}gsibility due to higher
polarizability of sulfur than oxygen. In contrasi tinfunctionalized polysulfone, all
sulfonated polymers exhibit ordering peaks from #ggregation of ionic domains.
Among them, the polymer with branched sulfonateed@in structure (PSU-S6)
produced larger interdomain size and more distihetse separation behavior compared
to other linear fluoroalkyl sulfonated polymers.eBl results suggest that not only the
superacidity of fluoroalkyl sulfonic acid but al$be shape of sulfonate groups (e.g.,
linear vs. branched side chains) can play a smanti role in determining proton
conduction in fuel cell membrane. This present waghificantly broadens the scope of
hydrocarbon-based superacidic polymers as altemBiEM of Nafion, and the structure-
properties study of sulfonic acid pendants canrbargortant guide for the future PEM

and ionomer development for fuel cell technology.
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CHAPTER 5

ANION EXCHANGE MEMBRANES

Polymer electrolyte membrane fuel cells, especipiiyton exchange membrane
(PEM) fuel cells have been extensively studieddmhbss hydrogen as an alternative to
fossil fuels, for applications such as automol#es49] However, the high cost in the
production of PEM fuel cells has remained as a Heak to their commercialization, due
to costs of the membrane, bipolar plates, assemhly,the use of precious noble metal
catalysts such as platinum. In this context, agchange membrane (AEM) fuel cells
have received significant attention since AEM carpiinciple allow the use of a non-
platinum metal catalyst, such as nickel, in an lalkaenvironment. Consequently, the
cost of AEM fuel cells in high volume is projectedbe substantially lower compared to
PEM fuel cells. PEM fuel cells have a history ofi@wing up to 70% electrical efficiency
in NASA’s Project Gemini in the 1960s,[133] whichdue to the improved kinetics for
oxygen reduction and fuel electro-oxidation in &h@ environment.[134-137]
Subsequently, alkaline fuel cells were used in Apséries missions. The switch from
membrane fuel cells was made to address the pabilist of the polymer electrolyte
membrane. In addition, since the electro-osmotagdiorce generated by the anion
transport occurs in the opposite direction to tlessover of aqueous fuel, the fuel waste
and related voltage reduction can be overcome.eftwer, AEM fuel cells are more
robust to fuel and catalyst source.

We hypothesize that the ionic conduction throughVA&rongly depends on the
formation of water channels because the hydroxidena(OH) is transferrable through

such water channels. In order to achieve an endano& conduction, therefore, a three-
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dimensional network of water channels in the polyelectrolyte membrane should be
formed as a prerequisite. Besides, regarding thesport of OH through such water
channels, it has been expected that the @iffusion in AEM occurs via similar
mechanisms to the proton (Hdiffusion in PEM. Although the diffusion of Hand OH

in bulk water has been well discussed and sumnuhrige Tuckerman and his co-
workers,[138, 139] to our knowledge, the nanoplseggegated structure and the
corresponding OH- transport in AEM system have beén investigated thoroughly
either by experiment or by simulation.

In this context, molecular dynamics (MD) simulatitethniques have provided
detailed information on the ionic transport, espigithe proton transport through the
PEM system. In previous studies, our group has WdBdsimulations to characterize
various PEMs, such as Nafion,[4] Dendrion,[20] SE=REH12] sulfonated
polystyrene,[11] sulfonated sulfone,[55] mainly dethg on the relationship between
nanophase-segregation and transport propertieslesben from these studies is that the
proton conduction is enhanced as a function ofnidieophase-segregation because the
key requirements for high proton conduction, sushh& well-connected water channels
and tight hydrogen-bonding network, are developeoremthrough the nanophase-

segregation.

Polysulfone-Based Anion Exchange Membrane
In this study, we investigated two types of polysaeé-based membranes
(quaternary ammonium-functionalized anion exchamgenbrane and sulfonated proton
exchange membrane) using molecular dynamics sirantato compare their nanophase-

segregated structures and transport properties. padormed full-atomistic MD
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simulations to elucidate the relationship betwdenranophase-segregated structure and
transport properties in quaternary ammonium-fumetiaed polysulfone-based AEM
(PSU-A, Figure 20a). In order to objectively anaythe difference between AEM and
PEM, we also simulated sulfonated polysulfone-baBEi (PSU-S, Figure 20b) as a
counter system in which we used the same simulatmditions, such as molecular
weight, degree of polymerization, degree of funwiization, equivalent weight, and
extent of hydration (water content), listed in T@Hll0. Following the equilibrium MD
simulation of each polymer membrane, the system® ween deformed following the
same stretching procedure described in in Chaptdéor 3Nafion. Here, we aim to
understand how deformation affects the phase-satgegnorphology both along and
perpendicular to the direction of stretching. Thismately provides a more complete
picture of the structure-property relationship®BU-based membranes.

We found that although the distribution of ioni@gps on the polymer backbone
is similar for both types, the quaternary ammonigmups and hydroxide ions in the
anion exchange membrane were more solvated by veat@pared to the sulfonate
groups and hydronium ions in the proton exchangalonane.[6] Correspondingly, better
solvation of the ammonium groups and hydroxide i@usto a less matured hydrogen-
bonding network in the water phase, especiallyat Water content condition. Through
analyzing the nanophase-segregation of the memfraae similar characteristic
correlation length was found for both membranesenels the concentration contrast
between the polymer domain and water phase was distiact in the anion exchange
membrane compared to the proton exchange membiaithin such nanophase-

segregated structures, it was found that the ddffusf hydroxide is ~ 6 % and ~ 11 % of

63



that of hydronium at 10 wt % and 20 wt % of watentent, respectively, which might be
due to the strong correlation at ~ 4 A among thdrbwide in the anion exchange
membrane. Uniaxial stretching of both the protord @amion exchange membranes
confirmed the same trends as Nafion, where thefanded model showed the strongest
peak indicating a higher degree of phase segregdfiee intensity is similarly decreased

after the deformation, especially in the directodrstretching.

0 CH, CH,
)~~~k
o) CH, ) CH, ¢
z—@N(CH3)3 (CHs)SI?—z z@(CHs)s
Con Oon o

=0

nvs

(2)
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Figure 20: Chemical Structures of model polymers:d) quaternary-ammonized polysulfone, PSU-A,
and (b) sulfonated polysulfone, PSU-S.

Computational Models and Methods
All simulations were carried out using full-atonéstnodels of PSU-A and PSU-S
with 10 wt % and 20 wt % of water content. The cosipons of the PSU-A and PSU-S

systems are summarized in Table 10.
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Table 10: Composition of hydrated PSU-A and PSU-Systems and simulation conditions

Polymers PSU-A PSU-S
(AEM) (PEM)
Molecular weight 23286 23484
Equivalent weight (daltons) 582 587
Degree of polymerization 30 30
Number of quaternary ammonium 40/chain 0
Number of sulfonate 0 40/chain
Water content (wt %) 10 20 10 20
molel\:;lijrlgl/)aerrr](r)r:g\rlﬁltﬁr:?\(\,) 3.6 8.1 0 0
Number of water 0 0 37 8.2

molecule/sulfonates\§)

1.1192 1.1774 1.1922 1.2455

Densit m) at 353.15 K
ensity (g/em) at 353 +0.0037  #0.0034  +0.0040  +0.0043

Force Field and Simulation Parameters

For this study, we used DREIDING[23] force field pviously used to study
Nafion, and Dendrion as well as various molecuisteans such as hydrogel,[57, 140-
144] liquid-liquid and liquid-air interfaces[58, 3§ and molecular self-
assembly.[146]The water was described using the BB field.[59] These force field
parameters were reported in the original papers[83] 60]and in our previous study on
hydrated Nafion. Thus the force field has the form

EtotaI: EvdW + EQ + Ebond + Eangle + Etorsion + Einversion (11)

Where Etota|, EvdW, EQ, Ebond, Eang|e Etorsion and Einversion are tOta| energleS, van der Waa|S,

electrostatic, bond stretching, angle bending, idarsand inversion components,

65



respectively. The individual atomic charges wersigmed through the Mulliken
population analysis using B3LYP and 6-31G** in Jagi61l] The Particle-Particle

Particle-Mesh (PPPM) method[21] was used to calellze electrostatic interactions.

Molecular Dynamics Simulation

All the MD simulations were performed using the Mbde LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulgfd23] from Sandia National
Laboratories with modifications to handle our fofesdds.[4] The equations of motion
were integrated using the velocity Verlet algorifhdv] with a time step of 1.0 fs. The
Nose-Hoover temperature thermostat[64, 65] folNN@ and NPT MD simulations used
a damping relaxation time of 0.1 ps and a dimenssmncell mass factor of 1.0. To
simulate OH we developed a force field using the Hessiandaasingular value
decomposition (HBSVD) method[148, 149] as summalrizeTable 11to reproduce the
quantum mechanical vibrational frequency (3600.48"ccalculated using B3LYP and
6-311G**++ in Jaguar. The van der Waals, electtastand bond energies described in
equation 11 are calculated individually as descrily equations 12, 13, and 14,
respectively, in the original DREIDING paper.[23hd van der Waals non-bonded
interactions (equation 12) are the Lennard-Jone§ fype expression. Her&y is the
van der Waals well depth ang, is the van der Waals bond length. Electrostatic
interactions (equation 13) are calculated for noneed atoms. Interactions between
bonded atoms or atoms involved in angle terms ssamed to be contained the bond and
angle interactions. The bond interaction (equatidpis described as a simple harmonic

oscillator.
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Eyan(R) = Do{[%jlz - 2(%6} (12)

EQa = 32206372% (13)
i>] j
1
Ebond(R)ZEKb(R_ Ro)2 (14)
Table 11: Force Field used for hydroxide anion.
H (H_OH) R’ 0.9000 R° 0.0100
EvdW
O (O_OH) R 3.5532 P} 0.1848
£ QH_oH 0.1135 @ on -1.1135
Q
(QH_n30 0.4606) (@ Hz0 -0.3819)
Ebond OOH-HOH R 0.9665 K,d 1042.3896

4 Qi andQ are atomic charge of atonandj, respectivelys = 1.
b A for Ro. ¢ kcal/mol forDo. ¢ kcal/mol/AZ for Ky,

Construction of Amorphous Membrane

We built hydrated PSU-A membranes consisting of fdhains with 10 wt % and
20 wt % of water content (Table 10). The degreepolymerization, the molecular
weight, and the equivalent weight of the PSU-A ohaie 30, 20969 daltons, and 524
[units], respectively. We also built hydrated PSWh8mbranes using approximately the
same values for those simulation variables with B®U-A membrane for direct
comparison (Table 10). The only difference betw&S1J-A and PSU-S is the ionic

group attached onto the polymer chain: ammoniunPf®U-A and sulfonate for PSU-S.
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Therefore, we can directly investigate the effdcsuch ionic groups on the nanophase-
segregation and transport properties.

The initial amorphous structures of hydrated PS@#l PSU-S systems were
constructed in a three dimensional periodic calhgishe Amorphous Builder of Cerius2.
Since such initial structures of polymeric mateyiaday include unstable conformations,
the AEM and PEM are equilibrated using the anngghrocedure, which accelerates the
attainment of equilibrium by helping the systemagesxfrom various local minima and
promote the migration of species for phase-segi@aygahfter finishing the annealing
procedure, a 100ps NVT MD simulation and a subseiqté0ps NPT MD simulation
were performed at 353.15 K. Then, 100 ns NPT MBDusations were performed at the
same temperature, from which the last 50 ns pagte wsed for the statistical analyses of
properties. The equilibrated structures are preskint Figure 21.

Following the equilibration simulations, uniaxiaéfdrmation was applied up to
300 % strain at T=353.15 K for 1 ns, indicatingttiae strain was applied uniformly
across the simulation box with the constant streate of 0.000186 A/fs, and
correspondingly the atomic coordinates were redd@d¢he new box dimensions at each
time step. This procedure was employed for thexislialeformation inz-axis direction.
As the strain of 300 % was used in the initial dations of Nafion and PSU-S, we also
employed the same strain for comparison. Followtimg) 1 ns deformation simulation,

each system was allowed to equilibrate for 5 ndNRT .
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Figure 21: Nanophase-segregated structures of hyded PSU-A (a) and PSU-S (b) membranes at
353.15 K with 20 wt % of water content. Equilibratd structures are shown before the deformation.
The oxygen (red) represents the oxygen atoms belang to water molecules.

Results and Discussion

Nanophase-Seqgreqgated Structures

Distribution of Quaternary Ammonium Groups

Water channel formation through the anion exchamgenbrane is a key factor
for understanding the structure and propertieh@fAEM. In this study, we focus on the
hydrophilic quaternary ammonium groups of the paynmas the main factor in
determining the nanophase-segregation becausedts molecules gather around such
hydrophilic groups. To investigate the spatial ihsttion of the ammonium groups, the
pair correlation function (PCF) is calculated byiatipn (1), representing the probability
density of finding B atoms at a distance r frénatoms, averaged over the equilibrium

trajectory:

_ Ng NB
gA_B(r)_(4IT2AFJ/(V J (1)
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wherengis the number of atorB located at the distanedn a shell of thicknesar from
atomA, Ng is the number oB particles in the system, andis the total volume of the
system. For direct comparison, the number dengifydf atom B in a unit cell system,

the number ofB atoms divided by the total volume of the unit c&dl multiplied by

Jnslr).
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Figure 22: Pair correlation function of (a) nitrogen-nitrogen, in the hydrated anion exchange
membranes and (b) sulfur-sulfur, in the hydratedproton exchange membranes.
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The PCF of the quaternary ammonium pai, (y (r)) for PSU-A is shown in

Figure 22a. First, it is clearly observed that €F has two peaks for both water
contents whose peak positions are shifted outwatls increasing water content: the
first peak moves from 6.4 A to 6.9 A and the secpedk increases from 8.4 A to 9.1 A.
This shift means that the distance between ammorjuwoups is increased as the
membrane is hydrated with more water. Such increasparation between hydrophilic

ionic groups is similarly observed in the PSU-S rbeane through the PCF of the
sulfonate pair gss(r)): the two peaks at 5.0 A and 6.4 A merge into lmader peak at

6.9 A with increasing water content, indicatingttiiae S-S pairs at ~5.0 A distance
become farther apart as a function of water confEmts, it is clear that the distribution

of ionic groups attached on the polysulfone backbdepends on the extent of the
hydration. From our previous study on the hydraeifonated PEEK membrane,[8, 130]
this concentration-dependent distribution of th@dayroup was observed. This behavior
implies that the polymer electrolyte membranes adagir structures as a function of
water content. Another difference observed fromuFe2?2 is that the correlation distance
between quaternary ammoniums (6.4 A - 9.0 A) isugrethan that between sulfonates
(5.0 A - 6.9 A), which would be due to the bulkyesiof quaternary ammonium (-

N(CHs)") compared to that of sulfonates (-50

Solvation of Quaternary Ammonium
To investigate how the quaternary ammonium is detveby water, the PCF of the
nitrogen-oxygen (water) paingyouaen (), Figure 23, is analyzed. The first solvation

shell is observed at 4.6 A commonly for both 10%tand 20 wt % of water content,

while the second solvation shell is found at 7.l 7.2 A for 10 wt % and 20 wt % of
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water content, respectively. Compared to the PCRhef sulfur-oxygen (water) pair

(99 s-opmaen (1) i Figure 23) with the first peak at 4.0 A and teeond peak at 5.4 A, the
PIN-o(water) (r) is found at a farther distance, which is also tluéhe bulky size of the

guaternary ammonium. Accordingly, the number ofevaholecules surrounding such a
bulky quaternary ammonium group should be largantthat surrounding the sulfonate
groups. To confirm this, the water coordinatiomoer (CN) is calculated by integrating
the pair correlation function (Figure 23) over fimst solvation shell. As presented in
Table 12, the water CN of the quaternary ammoniumigs (CN (N)) in the PSU-A (6.9
and 11.5 for 10 wt % and 20 wt % of water conteegpectively) are almost three times
larger than that (CN (S)) of the sulfonates in B&J-S (2.4 and 4.0 for 10 wt % and 20
wt % of water content, respectively). Thus, it @cluded that more water molecules are
involved to solvate the quaternary ammonium groump®SU-A membrane due to its

bulkiness, in comparison to the sulfonate grou@@3tJ-A membrane.
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Figure 23: Pair correlation function of (a) nitrogen-oxygen (water), in the hydrated anion exchange
membranes and (b) sulfur-oxygen (water), in theydrated proton exchange membranes.

On the other hand, it is noteworthy from Tabletat the CN (N) is larger than the
average number of water molecules per ionic grayps(3.6 and 8.1 for 10 wt % and 20
wt % respectively), whereas the CN (S) is smahant.s (3.7 and 8.2 for 10 wt % and
20 wt % respectively). Although the value Johas been used to indicate the hydration
level of polymer electrolyte membranes, it should boted thath is simply an
arithmetically averaged number of water moleculethaut reflecting the actual local
structures around the ionic groups. Hence, fromcthraparison between CN angdwe
can obtain more detailed information about the @asion of the ionic groups with the
water phase in the membranes. For instance, frenoltservation that CN (S) is smaller
than s, it is inferred that the sulfonate group is sobehtat the interface between the
polymer phase and the water phase. In contrasglibervation that CN (N) is larger than
AN, indicates that the quaternary ammonium groupdated deeper inside of the water
phase in order to be solvated by more water matsc@onsidering that the PSU-A and

PSU-S membranes have the same water content fgrazan, this analysis means that
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the water phase in the PSU-A membrane would be mpertirbed by the ionic groups.
Consequentially, the hydrogen-bonding network woht interrupted as well. This

feature will be addressed later with the analysithe water phase.

Table 12: Coordination Numbers (CNs) for solvatiorof ionic groups and ions in water

PSU-A (AEM) PSU-S (PEM)

N - O (H,0) S- 0 (H,0)

Water Content (wt %)
CN (N) r* (A) CN (S) r* (A)

10 6.9 6.1 2.4 4.6
20 11.5 6.1 4.0 4.6
O (OH) - O (H,0) O (Hs0%) - O (H.0)

Water Content (wt %)
CN (OH) rd (A) CN (H30% rd (A)

10 4.2 3.1 1.6 3.8
20 5.2 3.1 3.2 3.8

r® represents the upper bound for integration, obthfrom trough following the solvation shell

Correlation between Quaternary Ammonium and Hydtexnions
Next, to analyze the correlation of quaternary amionm groups with hydroxide anions,

we calculate 09, oo (). The correlations, shown in Figure 24, suggest tha

electrostatic interaction holds a hydroxide ionuse the quaternary ammonium at 4.6 A

and 4.7 A for 10 wt % and 20 wt % of water conteespectively. First, it is clear that the

pgN_o(hydmxide)(r) is weakened with increasing water content throwsghvation. By
comparing t009 s omyaronam () OFf PSU-S in Figure 24 showing the peak at 3.9 Aofath

10 wt % and 20 wt % of water contents, it is fotnalt og,_o o () iS much weaker
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than P9 ogmyeonum () @Nd the extent of the decrease P8, omyaos () IS More
significant than that ofogs o aronium (r) as a function of water content. We think this is

because of the three bulky methyl groups attachedthe quaternary ammonium,
shielding its electrostatic interaction with hydide anion. Hence, the hydroxide ions can
spread out more broadly from the quaternary ammmongroup. In contrast, the
hydronium has strong correlation with sulfonateugi® since the oxygen atoms on sulfur
interact with hydronium directly, such that thetdigce of the correlation does not depend
much on the water content. These different coiggiatfor hydroxide and hydronium are

also reflected in their solvation in water.
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Figure 24: Pair correlation function of (a) nitrogen-oxygen (hydroxide), in the hydrated anion
exchange membranes and (b) sulfur-oxygen (hydroniujmn in the hydrated proton exchange
membranes.

Solvation of Hydroxide Anion

The relatively weak correlation between quaterrarymonium and hydroxide implies
that the hydroxide would be well solvated by watér.is indeed confirmed by
Pomyeroxids-omaen () IN Figure 25a. Compared to the hydronium-waterretation,
Ponycronium-owaten (F), the Stronger intensity 0o maods-owaen (F) indicates that the
hydroxide ions are better solvated in the watessphthan the hydronium. For quantitative
evaluation of this correlation difference, the waidNs of the hydroxide and hydronium
are calculated as CN (OHand CN (HO"), respectively. As summarized in Table 12,
CN (OH) is 4.2 and 5.2 for 10 wt % and 20 wt % of watentent, respectively, while
CN (H:0" is 1.6 and 3.2 for 10 wt % and 20 wt % of watentent, respectively,

showing that the number of water molecules surrownthe hydroxide is larger than that

surrounding the hydronium by ~260 % and ~140 %lfowt % and 20 wt % of water
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content, respectively. These coordination numberscansistent with reported values of
6 and 3 for hydroxide and hydronium in bulk watesspectively.[150, 151] Considering
that the hydroxide and hydronium have the same amaiucharge with opposite signs,
however, a question would be raised about the reésiothe better solvation of the
hydroxide in comparison to the hydronium. We thihlat this would be due to the
smaller size of the hydroxide with higher chargensiy, which leads to easier
accommodation in water phase. This is also comglgteonfirmed by the DFT solvation
energy calculation using the Poisson-Boltzmann ruodi B3LYP/6-31G**: -112.37
kcal/mol for OH and -99.08 kcal/mol for $0°. Therefore, the better dissociation of the
hydroxide from the ammonium group (Figure 24) can dxplained by the better

solvation of the hydroxide. Another point we shouldte is the effective size of the

OH™ —H,O cluster. SinceéDH  is surrounded by more water molecules th&®", the
effective size of theOH™ —H,O cluster is larger than that of tid,O" —H,O cluster,

implying that the transport dPH™ would be less than that 61,0" .
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Figure 25: Pair correlation function of (a) oxygen(hydroxide)-oxygen (water), in the hydrated anion
exchange membranes and (b) oxygen (hydronium)-oxyagdgwater), in the hydrated proton exchange
membranes.

Internal Structure in Water Phase

From extensive studies on the proton transportutjitothe water phase in
polymer membranes,[152-157] a general consensubd®s established, stating that the
proton diffusion rate in bulk water is approximgtébur to eight times larger than that in
the hydrated membrane. As pointed out by Kreue?,[154] such an observation is
attributed to the internal structure of the wataage, especially the hydrogen bonding
network that aids efficient proton hopping. In qast to the bulk water phase, the water
phase in hydrated membranes has a relatively gsabed hydrogen bonding network.
Thus, a more developed internal water phase is\Bak® facilitating proton transport in
the hydrated polymer membrane.

In order to analyze the internal structure in thatew phase, we calculated

Yo uaen-owaen () for PSU-A and PSU-S membranes as shown in Figirét 2 clearly
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observed that the tWPg e uen-oaen () are nearly the same for both systems at 20 wt %

of water content, whereas, at 10 wt % of water eottthe first solvation shell (from=
2.6 to 4.1 A) of the water in PSU-A is much lesstuned than that in PSU-S. These
results indicate that the development of the irgkestructure of the water phase would be

deterred by better solvation of O&ét low water content conditions.
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Figure 26: Pair correlation function of (a) oxygen(water)-oxygen (water), in the hydrated anion
exchange membranes and (b) oxygen (water)-oxygendter), in the hydrated proton exchange
membranes.
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Then, the next question would be how to attain nooganized internal structures
in the water phase of the PSU-A membrane. So farhave reported that the internal
structure in the water phase is determined by #Hmphase-segregation in the polymer
membranes with a given acidity.[8, 55, 85, 127-188]the polymer membrane has a
greater extent of nanophase-segregation betweehyth@phobic polymer domain and
the water phase, more water molecules can gatlyethier, which results in a more
developed hydrogen bonding network in the watesph@/e have also reported that such
a well-developed water phase facilitates betteicitntansport. Therefore, we analyze the

nanophase-segregation in PSU-A and PSU-S for cosgpar

Extent of Nanophase-Segregation

Considering that the water phase is formed thronghophase-segregation
between hydrophobic polymer backbones and hydrogtéindant groups in the presence
of water molecules, the difference in nanophaseegggion for PSU-A and PSU-S is the
consequence of the different ionic groups (ammonusmsulfonate) because all other

molecular variables are the same. To charactenzextent of nanophase-segregation of
PSU-A and PSU-S membranes, we calculate the steucaator, S(q) at each water
content, which corresponds to the small angle egatf experiments (SAXS and SANS).
This structure factor,S(q) has been used to understand various systems sich a

copolymer systems[158] and polymer blend systenmisgé2well as hydrated polymer

membranes[8, 127-129] It is defined as follows:
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S(q)=<22exp(iq 7, ) e -<<‘>2)>/ 2 ®

fi I’j
where the angular bracket denotes a thermal stafisiverage,&' represents a local

density contras((p/jA —goé), q is the scattering vector angl is the vector between the

sitesi andj. While SAXS and SANS experiments measure thetreleaensity contrast

and deuterium-density contrast respectively, owuctiire factor is calculated from an
artificial density contrast as follows. The locanity variables areg, and ¢: ¢} is
equal to 1 if the sit¢ is occupied by a hydrophilic entity such as watemla sulfonate
group and equal to O otherwise, ar;ué is equal to 1 if the site is occupied by

hydrophobic entities such as the polysulfone bankbor equal to zero otherwise. The

quantityS(q) is spherically averaged as follows:

S@)=ys@)/¥1 (9

o jal
with q:(2ﬂ/ L)n, wheren=123,.-- denotes that, for a givem a spherical shell is
taken asn—1/2<qglL/2n<n+1/2. Our previous studies for the hydrated Nafion

membrane[127] led to a characteristic dimensionasfophase-segregation of 30 A - 50
A and similar studies for the hydrated Dendrion rmeme[128, 129] and sulfonated

PEEK]8] led to 20 A - 40 A and ~30 A, respectively.
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Figure 27: Structure factor profile for (a) PSU-A and (b) PSU-S

The structure factor profiles calculated from thyeldated PSU-A and PSU-S are
presented in Figure 27. At 10 wt % of water conténs commonly observed that both

PSU-A and PSU-S have a pealgat ~ 0.3 A', corresponding to ~ 20 A, with nearly the
same intensity oS(q), meaning that the extent of nanophase-segregatioery similar.

As the number of water molecules increases, thigraderistic correlation length
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increases accordingly: the position of the mainkpéa shifted toq = 0.24 A!
corresponding to ~ 26 A at 20 wt % of water contédfitis result indicates that the
dimension of the water domain in PSU-A and PSU-$¢seased to almost the same
extent. It is understandable because the backbamsiumber of functional groups for
PSU-A and PSU-S are exactly the same, so thatadhepthase-segregation with respect

to water molecules should be almost identical. E\mv, it is noted from Figure 27a and

Figure 27b that the intensity (ﬁ(q) from PSU-A is much larger than that from PSU-S.

Considering such intensity o$(q) depends on the concentration contrast between the

hydrophobic polymer domain and water phase, thangér intensity in PSU-A than in
PSU-S means that the water phase in PSU-A is nareentrated than that in PSU-S,
which seems consistent with the results shown igurfé 23, and Figure 25. The
guaternary ammonium is surrounded by more waterecubés compared to the
sulfonates (Figure 23), and those water molecuwéste the hydroxide ions better than
the hydronium ions (Figure 25). Reports have suggeewer segregation strength from
the polymer backbone to sulfonic groups.[45] Howeyghase segregation is largely
influenced by the composition of the polymer baskoOwing to the fact that both
PSU-A and PSU-S have the same backbone, only eliffiated by the sulfonate or
guaternary ammonium group, and studied under time $avels of hydration, the similar
phase segregation among the systems is unsurprigegefore, it is conclusive that the
dimensions of the water phase in PSU-A and PSUeSnaarly the same, while the

concentration of water in PSU-A is higher than tha®SU-S.

Transport Properties
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There have been many studies on ion transport nosteuctures of ionomer
membranes via experiments[154, 159, 160] and stmuk[8, 127-130] These studies
have consistently proven that the diffusion of waied hydronium are enhanced in more
nanophase-segregated structures. This enhancesnestause the water molecules form
a more bulk water-like structure in the phase-sgapesi morphology. In the resulting
well-developed hydrogen-bonding network, moving evatmolecules do not undergo
significant energy change during their displaceméitte mean square displacement
(MSD) of molecules, such as water, hydroxide andrbryium, are calculated from the
final 50ns of the simulation trajectories, and th#usion coefficientsD, are obtained

from the linear part of the MSD by the followinguagion:

D =lim i<(r (t)- r(O))2> (4)

t= Bt

wherer(t) andr(0) are the positions of a water molecule at tira@d zero, respectively.
The calculated diffusion coefficients only repraséme vehicular diffusion of water,
hydronium, and hydroxide. The classical MD simwas performed do not account for
secondary mechanisms of transport, including probmpping for hydronium or
hydroxide. It is noted from Table 13 that the dsffun of water in PSU-A is ~7 % and
~40 % of that in PSU-S at 10 wt % and 20 wt % ofevaontent, respectively, while the
diffusion of hydroxide in PSU-A is ~ 6 % and ~11dfthe diffusion of hydronium in
PSU-S at 10 wt % and 20 wt % of water content,eespely. We note that these values
are lower than those calculated from previous sitihs of Nafion. (~1.0 x 10
cn/s)[4, 43] This is consistent with the observatibat polysulfone-based PEMs exhibit
lower diffusivities in comparison to Nafion.[85] &ke values are also significantly lower

than the translational diffusion coefficients inlbwater. (~6 x 1§ cnf/s)[20]
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Table 13: Diffusion coefficients D) for PSU-A and PSU-S at 353.15 K

D (x10° cm?/s)

Water Hydroxide? Hydronium?
Water Content
PSU-A PSU-S PSU-A PSU-S
10 wt % 0.005702 0.07771 0.0001636 0.002856
20 wt % 0.073800 0.18810 0.0037050 0.033100

a The diffusion coefficient for hydroxide and hydiom is calculated from the vehicular mechanism.

What we understand from our previous studies i¢ tthe molecular diffusion is
enhanced more with increased nanophase-segregatioficst glance, therefore, our
simulation results in this study seem to be comttady to our understanding since the
molecular diffusion of water and ions are lowerRSU-A in comparison to PSU-S,
despite its more developed nanophase-segregasipecially at 20 wt % of water content

as shown in Figure 2&Ve think a clue might be found in the solvation ©H . As

discussed aboveQH  is solvated better thahi,O", which results in a larger solvation

cluster for OH™ and, thereby the diffusion oOH™ through water phase could be

deterred.
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Figure 28: Pair correlation function of (a) oxygen(hydroxide)-oxygen (hydroxide), in the hydrated
anion exchange membranes and (b) oxygen (hydroniurgxygen (hydronium), in the hydrated
proton exchange membranes.

Another interesting clue is the pair correlationoaigp charge carriers: th@H™ —OH"~

correlation in PSU-A and thé&l,O" —H,O" correlation in PSU-S. Figure 28 shows a

surprising comparison betwee.ngo(hydroxide)—O(hydroxide)(r) and 90 (hydronium) -0 (hydronium) (I’)Z

the hydroxide ions have a very strong first cotiefapeak at ~ 4 A and the second peak
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at ~ 6.6 A whereas the hydroniums have a very bpeatk at ~ 6.6 A, but no peak at ~ 4
A. Thus, the molecular view based on Figure 2&has the hydroxide ions in PSU-A are
distributed regularly through water phase with A 4f distance from each other, which
is not the case for the hydroniums in PSU-S (Fi@8k). From such differences in the
correlation between charge carriers (Figure 28)wal#i as the diffusion coefficients

(Table 4), it is presumed that the high correlatomong hydroxide ions may restrict the

mobility of OH through the water phase, which seems reasonatile gieH,O" does

not show such strong correlation at ~ 4 A and spoedingly has a larger diffusion
coefficient. Here, it is also noted that the catiein between hydroxide ions could affect
the water diffusion since the restricted movemdnDH™ may restrain the diffusivity of

water molecules. For a rationalization of why otitye hydroxide ions have stronger
correlation at ~ 4 A, we may scrutinize the differe betweenOH™ and H,O".
Although both charge carriers have the same amounet charge (-1.0 and +1.0 for

OH™ and H,O", respectively), there is only one hydrogen in @id" compared to three

hydrogen in theH,O". Thus, the hydroxide ion has larger charge vapersatom in a

more compact size, which would facilitate the stibra in water through stronger

associative electrostatic interaction in additionhydrogen bonding interaction. This
would cause the hydroxide anion mobility to be sepped by the greater number of
solvating water molecules. Furthermore, the uniaxialecular structure of the hydroxide
may induce more dipole-dipole interaction with pre¢éd orientations in comparison to
the tripod shape of the hydronium, which imposestiagr restriction on the hydroxide

ion mobility. Therefore, from this study, it is keed that the transport of the hydroxide

ion would be restrained molecularly despite theagrenanophase-segregation in PSU-A
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membrane. We find our lower transport results iast with literature reported values.
The diffusion coefficient of hydroxide ions is half that of protons in bulk water as
measured in experiment.[138] Additionally, the d#iion coefficient of protons in PEM
is usually four times higher than for hydroxide AEM, and in general for nearly all
media.[137, 161] We believe that a more detailedi@ation is required to understand

the low diffusivity of the hydroxide anion, which left for future study.

Deformation of polysulfone-based polymer membranes
Similar to the Nafion simulations presented earlidre local structure of

polysulfone-based proton and anion exchange polynenbranes show little change as
a result of deformation. Of greater interest is #fiect of uniaxial stretching on the
phase-segregated membrane morphology. The nanepbgsagation of the hydrated
polymer membrane describes the extent to whichwhter and polymer phases are
separated. A more developed separated structuessintial to for improving proton
transport properties. To characterize the effecstodtching on nanophase-segregation,
the anisotropic structure factor is calculated escdbed for Nafion in Chapter 3. The
structure factor for the isotropic structure theatalculated from the Fourier transform of
the PCF is a spherically averaged measure of fmercangement in in real space. In this
simulation study, however, the structure is uniiaxtended, which would develop
anisotropic feature in the hydrated membrane. bteoto evaluate the effect of such
uniaxial deformation, therefore, the directionalisture factor was calculated along the
direction of specific reciprocal space vectdssuch as (100), (010), and (001). These

directions are chosen based on the deformatiostadireduring our MD simulations.
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Figure 29: Structure factor profile for (a) PSU-S ad (b) PSU-A. The blue profile represents the
membrane before deformation. The dashed red line ithe structure factor calculated perpendicular
to the deformation, while the dotted red line is irthe direction of stretching.

Figure 29 shows the structure factor profile calted from hydrated PSU-S and
PSU-A before and after deformation. The struct@etdr profiles are calculated as a
function of the scattering vectay, Before the deformation, the strongest peak isdioat
g=1.5 [LA]* whereas its intensity is significantly decreasdtkrathe deformation,
especially in the direction of extension. We badidhis change in the structure factor
profile indicates that the nanophase-segregateattate is significantly deformed and
rearranged during the uniaxial extension, and thetiee long-range correlation along the
extended direction is suppressed very much. Theralirections perpendicular to the
extended direction also show a small reductiorheirtintensities in Figure 29, meaning
that the nanophase-segregated structure in theateydPSU membranes lose some
portion of the long range correlation at q=1.5 [[!AJuring the deformation. Instead, it
should be noted that the longest range correlatiaur structure factor profile analysis
at k=1 [LA]" is increased more than twofold. We believe thislésr evidence that the
nanophase-segregated structure develops greatlgeirperpendicular direction to the

extended direction, implying a more developed watgsise correspondingly, since the
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enhanced segregation and developed water phaskesirable for transport properties in

the membrane.

Table 14: Vehicular diffusion coefficients (D) of vater and hydronium ions

D (x10° cm’/s)

Simulation Water Hydroxide/Hydronium
Total Def Perp. Def Ext.| Total DefPerp. Def Ext.

Undeformed PSU-A | 0.0051 0.0022 0.0032| 0.0006 0.0003 0.0002
Deformed PSU-A | 0.0071 0.0034 0.0038| 0.0014 0.0007 0.0008
Undeformed PSU-S | 0.0295 0.0157 0.0128| 0.0004 0.0003 0.0001
Deformed PSU-S | 0.7353 0.4814 0.1401| 0.0017 0.0009 0.0008

Similar to deformed Nafion, the transport propertief water, protons, and
hydroxide anions in PSU-based polymers give sondeation of the performance in
PEM and AEM environments. By far, the most sigmifit improvement in diffusivity
was observed for water in the PSU-S system follgndeformation. Particularly, the
diffusion of water in the directions perpendicularstretching is nearly four times larger
than in the direction parallel to drawing. The dffivities observed in the PSU-A system
are significantly lower, as expected. Overall, tbtal diffusivities of all species are

improved following deformation.

Multiblock Copolymer-based Anion Exchange Membranes
The simulations discussed earlier provide a fundaatecomparison between
PEM and AEM using a well-known polymer backbonee Trawbacks hindering AEM
development were highlighted by the choice of arbgdrbon-based polymer backbone
relative to PEMs with similar backbones. In thi€tgs, we turn our attention to new
AEMs with novel molecular architectures in polynirckbone. Recently, AEM studies

have sought to design more stable, high conduatiggnbranes by mimicking the

90



properties desirable in PEMs. The challenges ofrdoatbon-based AEMSs, like the
guaternary ammonized polysulfone-based membranerided earlier, include poor
hydroxide conductivity at low levels of hydratios avell as poor stability due to the
chemical degradation.

To achieve improved transport properties in AEMsilsir to those of PEMs, it is
thought that we need to create more nanophasegstigne at moderate hydration levels.
For this, increasing the hydrophobicity of the pogr backbone is considered in order to
induce more developed water domains and channeds manophase-segregation.
Consequently, this should facilitate better trams@d water molecules and hydroxide
ions.

So far, significant progress has been made in diegjgmultiblock anionic
conducting polymer membranes.[162] Although the meambranes attained desirable
levels of ionic conductivity, they exhibited undadily high water uptake. This leads to
both swelling and unstable properties as a funatiooperating temperatures. To address
this, recent efforts have attempted 1) to regulagehydrophobicity of the polymer by
employing fluorination in multiblock copolymers a&) to optimize the ion exchange
capacity via the number of hydrophilic polar groupge sought to model the new
molecular architectures of polymers with the vadeababovementioned to establish
structure-property relationships.

The chemical synthesis of novel anion exchange mamels was performed by
Dr. Kohl's Research Group at Georgia Tech.[163] Themical structure of the one and

two-tethered multiblock copolymers is shown in F&ga0.
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Figure 30: Chemical structures of recently syntheged multiblock copolymers for anion exchange
membranes with (a) one and (b) two anion tether gnaps.

Modeling and Simulation Methods

The anion exchange membranes consisting of quayeamamonized multiblock
copolymers were modeled and simulated using thes gaotocol described earlier in this
chapter. The force fields used for simulating theslymers are also the same as those
used before. The block compositions and numbegtbketed side chains were determined
to have the same conditions as their experimentainterparts. In this study, we
simulated three polymer configurations:sY%-1, XsY7-2, and XYg-2. In our
simulations, each hydrated membrane contains folynger chains with two repeat units
(N=2 in Figure 30) and the experimentally deterrdimeater content. A summary of the
simulated polymers is provided in Table 15. Thelys®s were implemented using the

equilibrated polymer membranes. Despite similaraoallar weights among the polymer
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chains and densities of the hydrated membranesjzbeof the simulation cell varies due

to the difference in water uptake.

Table 15: Summary of simulated block copolymer anin exchange membranes

lonomers XsY7-1 XsY -2 X3Y g2
Molecular weight per chain (daltons) 18599 20590 9210
Dimension of simulation box (A) 49.69+0.09 63.316H. 54.18+0.06
No. of quaternary ammonium per chain 14 28 32
Density (g/cn) at 353.15 K 1.11+0.006 1.12+0.003 1.16+0.004
Water content (wt %) 8.0 50.8 26.7
A 7.5 44.1 13.9

Results

Experimental Characterization

The synthesis and experimental characterizatioth@fpolymers presented here
were performed by Professor Kohl's Group at Geofiggah.[163] Table 16 presents the
basic characteristics and properties of the newthetized polymer membranes. From
the seven noted multiblock copolymers, the follagvconfigurations were selected for
simulation: %.4Y7-1, Xs4Y7-2, and X%:1Yg-2. For simplicity, the block ratios of the
amorphous membranes were set teY X1, XsY7-2, and XYg-2, respectively, for
simulations. From the measurements shown in Talble the X.Y+-2 copolymer
demonstrated the highest hydroxide conductivity.wkleer, the highest hydroxide
conductivity came with the concession of high watetake (50.77 wt %). The one-tether
copolymers show lower water uptakes, but also detnat@ low conductivity and ion
exchange capacities. Thus, it seems that the loghuctivity of X5 4Y+-2 is due to the
addition of a second tethered quaternary ammoniwoupgto the block copolymer

backbone. Modifying the ratios has demonstratetltiggn hydroxide conductivity can be
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achieved while lowering the water uptake by nedwdyf of the initially synthesized

Xs.4Y7-2 copolymer.

Table 16: Summary of membrane properties [163]

Membrane Channel Molecular IEC OH" Conductivity Water
size (nm)  Weight  (meq/qg) (mS/cm) uptake
(GPC) R.T. 80°C (wt %)
Yg-1 16.5+3.9 18k 1.18 13.1 36.1 35.9
X31Y3e1 78+1.2 88.6k 0.66 16.4 515 55
Xs.4Y7-1 9.7+1.6 68.2k 0.73 14.2 34.7 8.0
Xs5.4Y7-2 225+29 68.2k 1.30 38.2 119.7 50.8
X3.1Yg-2 153+1.3 55.9k 1.56 23.1 94.0 26.7
X31Y3e2 122+1.4 66.0k 1.19 25.8 85.0 25.0
Xs5.Y5-2 11.3+£1.9 59.0k 1.10 22.1 66.7 19.6

Understanding the structure-property relationship tleese novel AEMSs is

important to fully characterize their performandemited experimental analysis is

available about these block copolymers. Howevenoseale images obtained through

atomic force microscopy, (AFM) shown in Figure ®&ffer insight into the domain size

of these membranes. These results show the donmzaioslering of X 4Y7-2 > X3,Yg-2

> Xs4Y7-1, which is consistent with the conductivity trendThe conductivity and

domain size characterization offer a basis for camspn and validation of simulation

results.
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Figure 31: Atomic Force Microscopy images of mPES embranes.[163]

Computational Results

The equilibrated structures of the simulated higttaGY -1, XsY7-2, and XY g-2
membranes are shown in Figure 32. The gray anchgeggons denote the carbon and
fluorine in the polymer backbone, while the redioeg represent the oxygen from the
water molecules. These structures indicate thelémel of hydration in XY+-1 and the
high water content in ¥ ;-2. The structure-property relationships were cttaerized
using pair correlation functions for local stru&ustructure factor for domain sizing and
correlation, and mean squared displacement foruglifity. These analyses were
performed as previously described in the chaptére Tydroxide anion transport in
AEMs is expected to correlate with water channekettgoment. The first clues about the
structure of the hydrated membranes can be foutioeifocal structure, characterized by
the pair correlations of key molecular groups. Q@irtigular interest are quaternary
ammonium groups, water, and hydroxide moleculese Tdtal distribution of these

molecules is investigated in the following sections
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Figure 32: Equilibrated structures of (a) XsY+-1, (b) XsY+-2, and (c) XYg-2.

Quaternary ammonium group distribution

The PCF of the nitrogen-nitrogen pair in FiguresB8ws unique profiles for each
of the polymer membranes. First, it is found thet XY +-2 profile shows the lowest
nitrogen-nitrogen peak intensity compared to thaisether membranes, which is likely
due to the high water content (~50 wt %) in th&y X2 membrane. Next, it is also found
that both %Y;-1 and %Yg-2 show the first hydration peaks at ~7 A, whilgY%2 does
not show a peak at the same location. This sug@festguaternary ammonium groups in
the XY7-2 membrane are unlikely to be found in close proti to one another as
observed in the other membranes. We think thatighalso likely due to the high water
content (~50 wt %) in the 5¥ -2 membrane.

A more distant second peak is found in all threamim@anes. XY,-1 shows a
narrow second peak at ~8.8 A whilgY¥-2 and %Yg-2 share a common broad peak at
9.3 A. Additionally, the XY,-1 profile notably lacks a third peak centered 2.5 A,
whereas this peak is only observed for the two-drtamembrane systems {%,-2 and
X3Yg-2). It is thought that this peak at ~12.5 A is do¢he intramolecular correlation of
guaternary ammonium groups. Furthermore, this nuggest the cationic groups on the

same monomer are spaced farther apart, resultimgregarrangement of the copolymer
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backbone, and subsequently, increased ion exchaagacity. Conclusively, the
guaternary ammonium groups are highly solvated wepect to water throughout the

membrane, so that the N-N correlation is very ssesio the water content.
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Figure 33: Pair correlation function of nitrogen-nitrogen for quaternary ammonium groups in
simulated XsY -1, Xs5Y+-2, and X3Yg-2.

Solvation and dissociation of ionic groups

To investigate the solvation of quaternary ammuomin the hydrated membranes,
the PCF for Nitrogen (quaternary ammonium)-Oxygeatér) pair is analyzed as shown
in Figure 34. From the calculated profiles, it ipparent that the more hydrated
membranes displayed the most intense peaks. Wheldinst solvation peak for each
membrane has the same position, the thicknesseddlvation shell is clearly increased
as a function of water content. Correspondinglg, skcond peak position is shifted out
with increasing the water content. From this rgsuls implied that the water channels
are formed and developed in the membrane as aidanof water content. In other

words, the more developed water channels may dietter transport of water and ions.
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To confirm this, the coordination number of waterreunding quaternary ammonium is
calculated by integrating the first solvation shelFigure 34. The results are presented in
Table 17. The coordination numbers are 7.8, 20n8, B4.1 for XY+-1, XsY+-2, and
X3Yg-2, respectively. Overall, the calculated coordorahumbers confirm the solvation
trend indicated in Figure 34. The quaternary amuonongroups in the ¥ +-2 membrane
are the most solvated and surrounded by the mosr wigolecules, while those in the

XsY7-1 membrane are surrounded by the least.
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Figure 34: Pair correlation function of nitrogen-oxygen (water) for quaternary ammonium groups in
simulated XsY -1, Xs5Y7-2, and XY g-2.

Another clue regarding the membrane performance bmrfound in the pair
correlation functions between quaternary ammonivougs and hydroxide anions. These
profiles are analyzed as shown kigure 35. An inverse relationship between peak
intensity and membrane conductivity is readily appd The poorest conducting
membrane, XY+-1, shows a sharp peak at ~4.7 A for the PCF ofNh@uaternary
ammonium) and O (hydroxide), while,sX7-2 shows no clearly centered peak. This

indicates that the hydroxide is more closely catedd with the quaternary ammonium in
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XsY7-1, while almost completely dissociated igY%-2. More indicative of the condition
of hydroxide ions in the hydrated membrane is tegrele of solvation. This can be
qguantified through the water coordination numbertf@ hydroxide ions as presented in
Table 17. The trend here is opposite of that fotmodh the pair correlation between
guaternary ammonium and hydroxide. Whereas theoydk ions are closely correlated
with quaternary ammonium in the lower conductingmbeanes, the hydroxide ions are
more highly solvated in high conducting membranésY,-2 and XYs-2 show the
highest CNs of 5.9 and 5.6, respectivelyYx1 shows the lowest CN of 4.9. Physically,
the hydroxide ions surrounded by more water mokcdiffuse more readily through the
membrane. Furthermore, this implies that the ngemembrane structure o§X;-2 and
X3Yg-2 are better developed for hydroxide ion transp&rimore clear indication of this
phenomenon can be found by analyzing the extetiteohanophase-segregation of these
membranes.

Table 17: Coordination Numbers (CNs) for the solvabn of quaternary ammonium groups and
hydroxide anions

N-O (H.0) OH-O (H,0)
CN (N) r*(A) CN (OH) r* (A)
XsY7-1 7.8 6.2 4.9 3.2
XsY7-2 20.3 6.4 5.9 3.2
X3Yg-2 14.1 6.3 5.6 3.2

r® represents the upper bound for integration, obthfrom trough following the solvation shell
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Figure 35: Pair correlation function of nitrogen-oxygen (hydroxide) for quaternary ammonium
groups in simulated X5Y7-1, X5Y7-2, and X3Y8-2.

Nanophase segregation

The isotropic structure factor, described eariemsed to characterize the extent
of nanophase segregation of the three membranes sffaacture factor profile can be
obtained from small-angle scattering experimentshsas SAXS and SANS. These
measurements can be used to characterize densisyydspatial correlation, providing
nano-scale domain size in polymer membranes. k gbction, the structure factor is
calculated to discuss the effect of molecular aectiire on the nanophase segregation.
Figure 36 shows the structure factor profiles floe three simulated anion exchange
membranes. From the profileg¥X;-2 shows the greatest peak intensity and lowesteval
of Omax INdicating the largest water domain size amorg rfiembranes in this study.
XsY7-2 also shows two distinct peaks. For analysiss#eond peak, located@t 2.3 is
used. %XYg-2 shows a peak centeredcpt 2.8. Last, XY ;-1 does not show a distinct

peak, and therefore, no significant nanophase-gatjom can be claimed to occur. An
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approximate domain size of 1.8 nm is estimatedXi®f,-1. Similarly, the domain sizes
for XsY7-2 and XYs-2 are 2.7 and 2.2 nm, respectively. These reslitav strong
agreement with the experimentally measured domaeadering of 22.5 nm (¥ 7-2) >

15.3 nm (%Yg-2) > 9.7 nm (XY 7-1) indicated in Figure 31.

5
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Figure 36: Structure factor profiles calculated from X5Y7-1 (blue), X5Y7-2 (pink), and X3Y8-2
(yellow). The interdomain spacing calculated from qax are 1.8, 2.7, and 2.2 nm for X5Y7-1, X5Y7-
2, and X3Y8-2 respectively.

Transport Property Analysis

A final indication of the AEM performance is deten®d from the transport
properties. The mean squared displacement pround@snation regarding the mobility
of water and hydroxide in the hydrated membrane. MISD for water and hydroxide are
shown in Figure 37 and Figure 38, respectively. dherall displacement of both water
and hydroxide indicate that the respective molecebehibit the highest mobility in the
XsY7-2 membrane and the lowest ig¥¢-1. In particular, the displacement of water and

hydroxide in XY -2 are much higher than the other membranes, whkiamainly due to
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the abnormally high water content (~50 wt %) in thembrane, compared to other
polymer electrolyte membranes. A more quantitaitnekcator of the transport properties

is the vehicular diffusivity of water and hydroxide

Table 18: Vehicular diffusion coefficients for XY -1, XsY+-2, and X3Yg-2 at 353.15 K

D (x10° cm/s)

Simulation Water Hydroxide
XsY7-1 0.0305 0.0031
XsY7-2 0.5051 0.2078
X3Yg-2 0.1099 0.0238

Table 18The diffusivities of the simulated membmaiG€able 18) are calculated
from the slope of the MSD as described earliehan¢hapter. The diffusion coefficients
of water and hydroxide show the same trend as tfos®l in the simulated nanophase-
segregation. The mobility of hydroxide ions is siigant as it relates directly to the
conductivity of ions in the membrane. As describedequation 7, the conductivity
increases as diffusivity of the hydroxide ion irases. However, the diffusivities
calculated diffusivities in Table 18 only repres#re vehicular diffusion and do not take
into account any secondary diffusion mechanismh asion hopping. Still, the trends
found in the vehicular diffusivity of the hydroxidens agree with the trends shown in the
experimentally measured conductivities. This trendlso likely to be found for the ion
hopping contribution of the hydroxide diffusivityzor verification, the structural or
Grotthuss diffusion of hydroxide ions is necess@ryaccurately determine the total
diffusivity and calculate the conductivity of a silated membrane. However, this
estimation of ion hopping in anion exchange memésais unique to that in proton

exchange membranes and requires a different treatm8ome examples of
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computational calculations of hydroxide hopping éndveen performed, but rely on
reactive force fields, which are not used in thisrkan{43] For future study, we plan to
develop a computational approach to approximatmy hopping in anion exchange
membranes using a transition state-theory appraactilar to that performed for proton
exchange membranes as described earlier.

One last discussion should be made regarding tlellated diffusivities in the
simulated anion exchange membranes. The diffusssitsimilar to the calculated mean
squared displacement, showY%-2 to have a significantly larger value than thbeot
membranes in this study. The diffusivities of batater and hydroxide in ¥ ;-2 are an
order of magnitude larger than those in other mamds. A potential explanation of this
is likely due to the relatively high water contantthe XY,-2 model. Initially, this
discrepancy is alarming as the differences in cotidty from the experimental
membranes are not as dissimilar. However, the sitedlmembranes are much smaller in
scale, and local differences are likely amplifidthe ~50 wt % water level in X 7-2
results in much larger phase segregation than wédan the other membranes. In a
simulated system, this could result in a much higteculated MSD and diffusivity.
Conversely, the 8 % water uptake igY%-1 is also unexpectedly low. The small-scale of
the MD simulation, combined with the low water camt may result in calculated
diffusivity lower than that measured experimentaltill, the ordering results and
magnitude of the diffusivities calculated provid&uable guidance for future study and
design of AEMs. Thus, we think that our moleculgnamics simulations in this study
provide a qualitative understanding of diffusivityends. In order to investigate the

transport properties of these membranes more qaawely, we plan to develop a larger-
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scale coarse-grained simulation approach. We dio o implement a transition state
theory based method for the hopping mechanism dfdxyde in the water phase.

To confirm whether the calculated transport propsrare affected by longer
time-scale simulations, an additional 30 ns equilm NPT simulation was completed
for the three polymers. The trajectories of theax8&imulations were used to calculate the
mean squared displacement of water and hydroxides, i@and subsequently, their
respective diffusivities in the polymer membran€kese diffusivities show agreement
with the initial 5 ns simulation study. Thus, itnclhe concluded that the diffusivity results
presented in Table 18 reflect the equilibrium tpors properties for the respective

polymer membranes.
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Figure 37: Mean squared displacement of water ions block copolymer anion exchange membranes
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Figure 38: Mean squared displacement of hydroxideons in block copolymer anion exchange
membranes

Summary

First, we performed molecular dynamics simulatimisa hydrocarbon-based
anion exchange membrane (PSU-A) and proton exchaegebrane (PSU-S) to compare
their nanophase-segregated structures and tranppmperties. For this purpose, we
prepare the same molecular structures for both memek except for the ionic groups
and corresponding counterions: the quaternary ammoand hydroxide for PSU-A and
the sulfonate and hydronium for PSU-S.

The distribution of quaternary ammonium is investigl using the pair
correlation function (PCF) of the nitrogen-nitroggair, showing that the distance
between ammonium groups is increased with incrgasigter content. This is similarly

observed in the PCF of the sulfur-sulfur pair inUPS. Such solvation of quaternary
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ammonium and sulfonate by water molecules are asyzed through the PCF of the
nitrogen-oxygen (water) pair and the sulfur-oxyg@vater) pair, respectively. It is

observed that the solvation shell of the ammoniuoug is larger than that of the
sulfonate group, meaning that the number of wateleoules in the first solvation shell
of the ammonium is more than that of the sulfona@tas is mainly due to the bulkier size
of the ammonium group.

The consequence of such solvation of ionic grosp®und consistently in the
correlation between the ionic groups and their teuwons. As the ionic groups are
solvated more, the correlation of the ionic grouphwts counterion is weakened. It
should be noted that the PCF of the ammonium-hydeogair is much weaker than that
of the sulfonate-hydronium pair. We think that tiesdue to the bulky three methyl
groups surrounding nitrogen that screens the elgtetic interaction with hydroxide, in
addition to the better solvation of the hydroxidempared to the hydronium.
Consequently, such better solvation of the hydmxdion affects the hydrogen-bonding
network of the water phase, especially at low watgrtent condition.

The extent of nanophase-segregation is charaatenmeng structure factor
analysis. While the characteristic correlation ang PSU-A membrane has similar
value with that in PSU-S membrane, the intensityhaf structure factor of PSU-A is
larger than that of PSU-S at 20 wt % of water contiue to the larger concentration
contrast between the water phase and the polymekbbae phase in the PSU-A
membrane compared to the PSU-S membrane. This nteanshe PSU-A membrane
attains more nanophase-segregation, which is maiaoly to better solvation of the

guaternary ammonium and hydroxide.
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Within such nanophase-segregated structuresiffiasidn of the hydroxide anion
in PSU-A is observed to be ~ 6 % and ~ 11 % of ¢fidlhe hydronium in PSU-S at 10 wt
% and 20 wt % of water content, respectively, altftothe PSU-A has a more enhanced

nanophase-segregated structure. It is thought ghelh lower diffusion of hydroxide

might be due to the larger effective size of tBel" —H,O cluster, and the distinctively

strong OH —OH  correlation at ~ 4 A in PSU-A, which is not obssivfrom the
H.,O" -H,O" correlation in PSU-S.

In deformed PSU-based structures, a significantromgment in diffusivity was
only observed for water in the proton-conductingsien of the membrane. This is likely
due to the higher extent of the nanophase segoegébr PSU-S particularly in the
directions perpendicular to the stretching dirattidhe extent of segregation is nearly
identical to the undeformed membrane. The PSU-Actire shows a lower extent of
phase segregation, and similarly, a smaller redatmprovement in water diffusivity
following deformation.

Following these simulations, we then performed Mibuation of three newly
synthesized hydrated anion exchange polymer merabralie found strong agreement
between the structure and transport properties rebdein our simulations with
experimental measurements. Notably, the presenca third peak of the quaternary
ammonium-quaternary ammonium pair correlation mttho-branch polymer membrane
suggests a new understanding of the membrane wteudthis could indicate that intra-
molecular quaternary ammonium groups are far affarnh each other, forcing a
rearrangement of the polymer backbone. Insteadaddé@ion of tether groups may cause

a reorientation of the polymer backbone, resultimga more conductive membrane.
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Additionally, the vehicular diffusion trends showahg agreement with the measured
conductivities. We suggest incorporating the fujidtoxide transport mechanism in

future studies to better model ionic conductivity.
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CHAPTER 6

SUMMARY

From the deformation simulations of Nafion, PSU#&hd PSU-A, it can be
definitively concluded that the transport of wateenhanced following deformation. The
overall phase segregation is shown to be more setam the directions perpendicular to
draw, while greatly reduced along the stretchinig.akhis suggests that water channels
are better-developed through-plane. In the condéxtiel-cell applications, this implies
that transport properties are more enhanced irugfirahe MEA. While a relationship
between deformation and membrane performance hars éstablished, we recommend
that future simulation work focus investigating ethaspects of fuel-cell membrane

performance.

For hydrocarbon-based polymer membranes, a nunfbeuperacidic polymers
containing different fluoroalkyl sulfonate groupem studied. The membrane containing
short -OCF2SO3H pendant showed smaller hydroptdimain size and lower proton
conductivity than the membrane containing —OCF2CF&$ because of its less
favorable aggregation of sulfonate groups and loweidity. Also, polymer with
branched sulfonate sidechain structure (Pg$JJgBoduced larger interdomain size and
more distinct phase separation behavior comparexthier linear fluoroalkyl sulfonated
polymers. We recommend future work in this areant@stigate the addition of more
sulfonate group tethers to the side chain strustufiéhis is due to the improved

performance in the two-tethered PSkJfBembrane when compared to the other single-
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tether polymer membranes. This modification shouictease IEC and drive greater

phase segregation, ultimately resulting in morddacansport and higher conductivity.

For our study of anion exchange membranes, strajrgement was found
between the structure and transport properties rebdein our simulations with
experimental measurements of newly synthesized AEMs simulations focused on a
number of block copolymers with multiple quaternampmonium tethers per monomer
unit. These structures are necessary to addresliieeent transport deficiencies of
AEMs when compared to PEMs of the same backbonas,We suggest seeking AEMs
with higher IEC while restricting water uptake. bly, the presence of a third peak in
the two-tether polymer quaternary ammonium-quatgrrsanmonium pair correlation
profile suggests a new understanding of the menebsémicture. This could indicate that
intra-monomer quaternary ammonium groups are aikntar apart, forcing a
rearrangement of the polymer backbone. Additionalhe vehicular diffusion trends

show strong agreement with the measured conduesyit

For the newly synthesized anion exchange membrareesuspect increasing the
number of ionic groups may not directly contribtwethe increase in IEC. Instead, the
addition of tether groups may cause a reorientaifahe polymer backbone, resulting in
a more conductive membrane. To better understapdetlsystems, we suggest the
incorporation of full hydroxide diffusivity in fuhe studies. We also recommend pursuing

larger-scale, coarse grained molecular dynamicslaiions of these new membranes.
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APPENDIX A

SUPPORTING INFORMATION FOR PSU SIMULATIONS

This section includes relevant sections of the suppy information for the work
presented in Chapter 4. It is included for compless and was previously published in a

paper published with our collaborators.[90]

Spectroscopic Characterization
'H, % and™*C NMR spectra were obtained using a Varian NMR speteter
(400 MHz for'H, 376 MHz for'%F, and 100 MHz for°C) at room temperature and
chemical shifts were referenced to TM$® @nd*°C) and CFQ (*°F). GC/MS analysis
was conducted using a Shimadzu QP2010S equippadavd® m x 0.25 mm SHR-XLB

GC column and an El ionization MS detector.

Analysis of O-D stretching band by Fourier transfom infrared spectroscopy

Thin films of sulfonated polysulfone in sodium forwere cast from dimethyl
sulfoxide onto Cafwindows, dried at 50°C for 4 h, then at 80°C fdr &nd placed in an
FTIR transmission flow cell (Model 64100-F, New EEmterprises, Vineland, NJ).
Humid air containing 5 mol % 4D was flowed (20 std. ctrs?) through the cell while
spectra were recorded using a Bruker (Billerica, MAERTEX 70 spectrometer with a
nitrogen-cooled mercury-cadmium-telluride (MCT) elgbr. Humidification of the
flowing air through the FTIR cell was achieved wdpoint mixing of fully-humidified
and dry air streams. Air at dewpoint was producge livater sparging system, and was

then mixed with a dry air stream at controlled miéss ratios to yield a range of relative
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humidities. The relative humidity (RH) of the mixetteam was measured using an RH
probe (Omega HX15-W, Omega Engineering, Inc., Statnf CT) before being
introduced to the measurement cell at the sameemnpe as the system. Each RH
corresponded to a different hydration number=( mole of water/mole of sulfonate
group) depending on the polymer sample. Hydratiomlvers were measured using a TA
Instruments Q5000SA water vapor sorption analyner r@ported as a function of RH.
Each spectrum was recorded at 2'cresolution and 100 scans. The hydrated spectra
were obtained by using the dry polymer as a refareSpectra were extracted from 2700
cm® and 2400 c and baselined by setting the absorbance equal @b tBose two
points. Peak fitting was performed using Origin 8@riginLabs, Northhampton, MA)
data analysis software. Three Gaussian peaks veexk to fit the OD region from 2700
cm™ to 2400 crit. One peak corresponding to bulk-like water, wals lsenstant for all
samples and was centered at 2509' awith a constrained FWHM of 170 (signature of
HOD in bulk water), while the headgroup-associated intermediate water peaks varied
by sample. The peak positions and FWHM for headuassociated and intermediate
water were determined by fitting the lowest RH skampvith three peaks, the third peak
being bulk water with peak position of 2509 tmnd FWHM of 170. The peak shape
(peak position and FWHM) of the head-group assediawvater was held constant
throughout the remainder of the fitting at each RHe intermediate peak position was
held constant but the FWHM was allowed to vary. ©fi; the areas are corrected for

non-Condon effects.[164]
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Supporting Figures
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Figure 39: SAXS profiles of polysulfone (green lineand PSU-S in acid (purple) and sodium salt
(red) forms.
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Figure 40: SAXS profiles of polysulfone (green lineand PSU-3 in acid (blue) and sodium salt
(orange) forms.
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Figure 41: SAXS profiles of polysulfone (green lineand PSU-3 in acid (blue) and sodium salt (pink)
forms.
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114



APPENDIX B

SOURCE CODE FOR STRUCTURE FACTOR CALCULATION

This section contains the source code for calmgathe structure factor of

hydrated polymer membranes. The calculation feguires converting the structure into

a lattice of hydrophilic and hydrophobic elementgnoted by the coordinates and

assigned values of 1 or -1, respectively. Two $s@pe used to complete the calculation.

L T T L R L 7 I )

[, I S VR

Wwoem

[T R R

Lattice Processing Code

#include <stdlib.h>
#include <string.h>
¥include <math.h>
#include <stdio.h>
#include "information.h"
S/#include "ugil.c"”
#include "readbgf.c"
int main(int argec, char *argv[])
=H
char lattice file name[ 1:
FILE *lattice F;
char line[MAX LINE LENGTH]:
int i,j,k,k2, lattice size;
int id,®,v,Z7
char hydrophobic file name[512] = "hydrophobic ";
char hydrophilic file name[312] = "hydrophilic
[ if (arge <2) {
printf{"Usage: %= structure.pgf (input) structure.lat (output)\n",argv[0]):
exic (1)
r 1
grrcny (connolly file name, grgw[l]):;
strcpy (bgffilename,argv[l])
stropy(lattice_file name,argv[2]):
range = (double) (gLl l(argv[3]1)
printf (" =structure file=%s\n lattice file=%s=n", bgffilename,lattice file name);
readbgf () ;

lattice F=fopen(lattice_file name, "wi");

printf ("ghg : %LL =11 %;;1:“,pbc_x,pbc_y,pbc_z}:

lattice_size=((int)pbc_=x)+1;

lattice size=lattice sizewlattice sizexlattice size;

[/ fpringE (lattice F,"3d\n",lattice_size);

printf("lattice_dimension (12) =%3d\n total lattice ::r:e:=%d1:”,tt;:t}pbc_x}+ (lattice_size):
k=0;k2=0;
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50

52

3

54
85
56
=T
29
a0

Eﬂfor (i=0:;i<total no atoms;i++) |

id=0;

if (strcmp(atoms[i] .potential,"O F3C")==0) id=1:;
if (strcmp(atoms[i].potential,": C"y=0}) id=1;
if (stromp{atoms[i] .potential, "o

if (strcmp(atoms[i].potential,":

if (stromp{atoms[i] .potential, "o

if (strcmp(atoms[i].potential,": O

if (strcmp(atoms[i].potential,”"C 2")==0) id=-1:;
if (strcmp(atoms[i] .potential, "

if (stromp{atoms[i] .potential, "o

if (strcmp(atoms[i].potential,” i "y=0) id=1;
if (strcomp{atoms[i] .potential, "o TMy=0) id=-1:
if (strcmp(atoms[i] .potential,"O R"}==0) id=-1;
if (strcomp{atoms[i] .potential, "o

if (strcmp(atoms[i].potential,"C ")==0) id=-1;
if (stromp({atoms[i] .potential ,"F "})==0) id=-1:
if (strcmp(atoms[i].potential,” i"y=0) id=-1;
if (strocmp{atoms[i] .potential, "l 27) 2y id=

if (strcmp(atoms[i] .potential, " =-1;
if (strcomp{atoms[i] .potential,

®¥=(int) (atoms[i].=x[C
y={int) (atoms[i] .x[Z1])y+1;
z=(int) (atoms[i] .x[2]1)+1:

if {(id=1) k++;

if (id=-1) Ek2++;
fprintf(latcci

}

printf{"No. of hydrophili

printf (" of hydr

printf{"Done.Yn");

fclose(lattice F);

}

1y+2;

ce F,"3%d %d %d #din",x,v,z,id) ;

o', k)
nt,k2)
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Structure Factor Calculation Code

L E ¥ mmm
2

3 Program for the calculation of the structure factor
G

S =/
6 #include <stdio.h>

7 #include <stdlib.h>

8 #include <math.h>

] #include <string.h>

10 #define 1= 55

11 #define 12 56

12 f/#define element 4

13 //fing LAT[12][12][12] [element];

14 int LAT[12][12][12]:

15 //#define lania,b,c,e) LAT[a][b][clle]

16 $define latia,b,c) LAT[a] [b] [c]

17 #define PI 3.141592654

i8 $#define dr 1

19 #define maxr 20

20 $define maxs 10000

21 #define total lattice ls*ls*ls

22 $define na 5343 /% no. of A segment hydrophilic */
23 #define nb 9384 /* no. of B segment hydrophobic #/
24 double sval [dr¥lCémaxr*2][2];

25 doukle =scz[maxs][2]:

26

27 int main({int argec, char *argv[])

28 [Hf

25

30 int x,v,z,latl,lat2,lat3,id;

31 char namel [50] ,name2 [50] ;

32 FILE *fpl,*fp2;

8 double piavg, piavg2;

34 int i,j.,kr

Bl int r=X,rV,TZ,XX,VV,Z2Z,XX2,yv2, 2282

36 doukle corr,corr0,conl,con2,dist;

37 int count, nx,ny,nz;

8 doukle 111,112,zero,st, fir, =sec;

39

40 if (argc <2)

41 [ {

42 printf("U=sage: %= structure.lak (input) structure.=f (output)
i exit (i)

44 = }

45

16 strepy (namel  argv[l])

47 strocpy (name2  argv[2])

8

49 fpl=fopen (namel "rc™);
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printf{"\n In loading file.....%\n")

//fagant (fpl, "¥*d\n") ;

for (i=0:;i<total lattice;it+t)

{
fscanf (fpl,"3%d %d %d %d\n",&latl,&lat2,&lat3, &id):
lat(latl,lat2?,lat3)=id;

1

felose (fpl)

for (i=0;i<{dr*lC0%maxr*2) ;i++)

i
for (i=0;3<Z:j++)
i
sval[i]1[i]=C.00
1
}

for (i=0;i<max=;i++)
{
for (j=C:;3<2:3++)

{

sc=e[i][i]1=C.07

}

printf{"\n Calculating the structure factor.n"):

piavg=((doukle) (nb-na) )/ ((doukble) (Le*ls¥ls)) :
piavgZ=piavg*piavyg;

for (rx=0:;rx<(ls/2)  rx+t)
{
printf("%d ‘n",cx)
for (ryv=(-1)%(1s/2) ;ryv<{1s/2) rrv++)
{
for (rz=(-1)%(1ls/2) :rz<(1ls/2) ir2++)
{

/% prinkf("(%d ¥d d)\n",Ix,.Iv.52): AS
if (rx==0[)

{

if (ry=0) continune:
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if (zy=C")
{

if (rz<0) continue;

corr=0.0;

for (xx=1 xXx<=1ls3;XX++)

{
for (yy=_!yvy<=ls'yy+i)
i
111 for (zz=_:rzz<=l=z:zz4++)
112 = {
113 if (lac(=zx,vyv,2zz2)=-_){ conl=-_.0r}
114 else if (lat(xx,yvv,z2z)=—_) { conl=_.0;}
115 else
116 [H H
117 corr=corr-piavg;
18 continne;
119 B 1
120 KHI=XX+TX;
121 VVI=yy+ry;
122 ZZZ=ZZ+4TZ;
123 if (®x2>1=) =xZ=xxi-1=;
124 if (yvixls) yyi=yvyZ-1ls;
125 if (zz2>1ls) zz2=zz2-1=;
12& if (=x2<l) xxI=xzZ+ls:
127 if (yyd<l) yy2=yyi+ls;
128 if (zz2<) zzZ2=zz2+l=:
129 if (lat(=xx2,yvd,zz2)=—-_){cond=-_.0;}
130 elzse if (lat(x=2,vy2,zz2)==1) { con=_.0;}
131 else { cong=0.0:}
1L
2 corr=corr+conl¥*con2-piavga;
1L
1LE1E) B 1
3 B }
B }
if ((rx==0) &&(ryv=—"_") &&(rz=="))
= {

corrO=corr/ ((double) (La%l=*l=))

continne;
1 ] B }
144
145 count=>;
146 for (nx=0;nzx<maxr;nx++)

147 [ {
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183
194
1L
196

198
L
200
201
202
203
204
205
206
207
208

209

for (ny=0:ny<maxr;ny++)

{
for (nz=0;nz<maxr;nz++)
i
dist=sqgrt ({(double) (nx*nx+ny*ny+nz*nz)) ;
if (dist>((double) (maxr))) continne;
scs[count] [0]=dist;
scs[count] [1]+=cos (2*PI* (nx*rxiny*ry+nz*rz) /{(double) (ls*dr))) *corr/ ((double) {1s*ls*ls)):
count=count+.;
}
}

for (i=0;i<=maxs;i++)

{

}

scs[i][l]=scs[i][l]1*24corxD;

for (i=0:;i<maxs;it+)

{

for (J=0:;j<Z%maxr;j++)
{
for (k=0;k<10:k++)
{
111=(double) {(3-0.54k/10.0):
112=(double) (j+0.5+kf10.0);

if ({scal[il[C]>=111)&&(scs[i]1[0]<=112)}))

{
sval[(int) (10*(3+k/10.0))1[01+=scs[i][]~
sval[(int) (L0%(J+k/10.0))1[11+4=1.0;

}

}

zero=fir=sec=0.0;
fp2=fopen{(name2 ,"wt") ;
for (i=0;i<(lC%maxr*>+dr) ;i++)

i
if (sval[i][1]=") continune;
st=gval[i][0]/sval[i]l[1]:
fprintf(fp2,"%.2L *f\n", ({double)i) /(10.0%((doukle)dr)) ,st);
if ((((double)i)/( 0.0%dr) >=1.0)&&(((double)i)/(10.0%dr) <=(doukle) (maxr/dr-2.0)))
i
zZerot=st;
fir4=sc*2%PI* (double)i/ (10 .O%dr+ls)
sect=sc* (2*PI* (doukle)i/f (10.0%dr*ls) ) * (2%PI* (doukle)i/ (10, 0%dr*ls))
}
}

fprintf (fp2,"%f £f\n" firfzero,=grt (sec/zero))
fclose (Ep2)

printf{"'n The Calculation is= over.'\n"):
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APPENDIX C

TCL SCRIPT FOR RDF, MSD, AND PROPERTY ANALYSIS

The script below is an example used to analyzedhelts of molecular dynamics

simulation trajectories. Statistical properties,amesquared displacement, and radial

distribution function profiles were obtained usimgpdified versions of the script below

for each simulated membrane.

e L s s e e EEEE s EEE F s E S s s E e I L LS
# # Script to plot RDF & Volume for a MD trajectory
$# # Cerius2: Version 4.10

i s s s tsstistissdsdsdsdssdssdssdssdssdssdssss sy

# Initialize
CRYSTAL/ENABLE DISPLAY STYLE MATINTENANCE YES
CRYSTAL/AUTC CRYS BONDS NO

3%

# Load Structure and Trajectory

FILES/LOAD "./X3Y8 2 2 4Chains 128 OH 1653 H20 050.msi"”
MD ANALYSIS/TRAJECTORY "./X3YS8 2 2 4Chains 128 OH 1653 H20 NPT 353K Sns 4 cZ.gni"
%

¢ Specify RDF parameters

MD BNALYSIS/RDF CUTOFF 15

MD ANALYSIS/RDF INTERVAL 0.02000

MD ANALYSIS/RDF BETWEEN "FF TYPES"

$# Create Graphs

# Nitrogen-Nitrogen pair

MD ANALYSIS/FIRST FRAME NO 1

MD ANWALYSIS/LAST FRAME NO 251

MD AWATLYSIS/RDF TYPE "N 3" "N_3"

MD BNALYSIS/RDF

GEAPHS/SAVE-GALLERY "./analysis/RDF NN Sn=.grf"
# Shorter cutoff for other pairs

# Specifyv EDF parameters

MD BNALYSIS/RDF CUTOFF 10

MD ANALYSIS/RDF INTERVAL 0.02000

MD ANAT.YSTS/RNF RETWRERN "FF TYPES™
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# Create Graphs

MD ANALYSIS/FIRST FRAME NO 1

MD ANALYSIS/LAST FRAME NO 251

MD_ANALYSIS/RDF_TYPE "N_3" "O_F3C"
HD_ANALYSISFRDF

GRAPHS/SAVE-GALLERY "./analysis/RDF NH20 Sns.gzf"
MD ANALYSIS/RDF TYPE "N 3" "O OH"
HD_ANALYSISFRDF

GRLPHS/SLVE-GLLLERY ".fanalysiSFRDF_NGH_Sns.g&@"
MD ANALYSIS/RDF TYPE "Q OH" "C F3C"
HD_RNRLYSISFRDF

GRLPHS/SLVE-GLLLERY ".fanalySiSfRDF_DHHED_EnS.g;;"
MD ANALYSIS/RDF TYPE "Q F3C" "O F3C"

MD ANALYSIS/RDF

GRALPHS/SAVE-GRLLERY ".fﬂnalysiSFRDF_HZGHEG_Ens.g;;"
MD ANALYSIS/RDF TYPE "O CH" "O OH"
HD_ANALYSISFRDF

GRLPHS/SLVE-GLLLERY ".fanalysisﬁRDF_GHGH_Ens.g&@"
77

#% PROFERTIES

# Volume

HD_ANALYSISHSELECT_PRGPERTIES " Volume"™

MD ANALYSIS/FIRST FRAME NO 1

MD ANALYSIS/LAST FRAME NO 251

HD_ANALYSISFPRDFILE

GRAPHS/SAVE-GALLERY "./analysis/volume 5Sns.grf"

7

# Density

HD_ANALYSISFSELECT_PRDPERTIES " Density™
HD_ANALYSISKFIRST_FRAHE_NG 1

MD ANALYSIS/LAST FRAME NO 251

HD_ANALYSISFPRGFILE

GRRPHS/SAVE-GALLERY "./analysis/density Sns.grf"
#

# POTENTIAL ENERGY

MD BNWALYSIS/SELECT FROPERTIES " Potential Energy"

MD_ANALYSIS/FIRST_FRAME NO 1

MD ANALYSIS/LAST FRAME NO 251

MD ANALYSIS/PROFILE

GEAFHS/SAVE-GALLERY "./analysis/PotEng Sns.grf"
F

# CELL PARAMETERS

HD_RNRLYSISFSELECT_PRGPERTIES " Cell Parameters"
MD ANALYSIS/FIRST FRAME NO 1

MD _ANALYSIS/LAST FRAME NO 251

HD_ANALYSISFPRGFILE

GRAPHS/SAVE-GALLERY "./analysis/CellParams Sns.gxf"
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#% HMSD

# Full 5 ps

MD ANALYSIS/FIRST FRAME NO 1

MD ANALYSIS/LAST FRAME NO 251

# CH

SELECT/FFTYPE RESTART O OH -SCOPE Model(.)

MD ANALYSIS/MSD ATOMS SELECTED

MD ANALYSIS/MSD

GRAPHS/SAVE-GALLERY "./analysis/MSD CH Sns.grf"
# H20

SELECT/DESELECT_ALL -SCOPE "ALL MODELS"
SELECT/FFTYPE RESTART O F3C -5COPE Model (.)

MD ANMALYSIS/MSD ATCMS SELECTED

MD ANALYSIS/MSD

GRAPHS/SAVE-GRLLERY "./analysis/MSD H20 Sns.grf"

FRTTTAAAAATAAAAAAAATAAAAAAAAAAARASAARAAAAAARAA AT ATARAA A AAAARAS

# END
R R R R 2 R R 2 2 22 222 S E S EEEEEEEEE T
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