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Abstract. There is a critical need for higher performing proton exchange membranes for electrochemical
energy conversion devices that would enable higher temperature and drier operating conditions to be
utilized. A novel approach is to utilize multi-acid side chains in a perfluorinated polymer, maintaining
the mechanical properties of the material, whilst dramatically increasing the ion-exchange capacity;
however, as we show in this paper, the more complex side chain gives rise to unexpected physical
phenomena in the material. We have thoroughly investigated a doubly functionalized perfluorosulfonic
imide-acid side chain perfluorinated polymer (PFIA), the simplest of many possible multi-acid side
chains currently being developed. The material is compared to its simpler perfluorosulfonic-acid (PFSA)
analogue via a battery of characterization and modeling investigations. The doubly functional side chain
profoundly influences the properties of the PFIA polymer as it gives rise to both inter- and intra- side
chain interactions. These affect the nature of thermal decomposition of the material, but more importantly
force the backbone of the polymer into an unusually highly ordered more crystalline configuration. Under
water saturated conditions, the PFIA has the same proton conductivity as the PFSA material, indicating
that the additional proton does not contribute to the ionic conductivity, but the PFIA shows higher proton
conductivity at lower RH conditions owing to dynamic changes in its local molecular environment. A
transition is observed between 30 and 60 °C, indicating an order/disorder transition that is not present in
the PFSA analogue. The mechanism of proton transport in the PFIA is due to more delocalized protons
and more flexible side chains with better-dispersed, smaller water clusters forming the hydrophilic

domains than in PFSA analogue.



INTRODUCTION

With the world’s population at >7 billion people and the COx() concentration in the atmosphere at > 400
ppm threatening globally destructive climate change, there is an immediate need to move to more
efficient carbon-free energy-conversion systems.! With Toyota’s introduction of the Mirai Hz fuel-cell
powered automobile, this is rapidly becoming a reality, assuming that low-cost routes to renewable H»
can be achieved.? Whereas the Mirai represents a first-generation commercial product, there are still
many challenges to driving down the cost and increasing the durability and performance of such vehicles.
One of these challenges is improving the performance of the proton exchange membrane (PEM), which
is the solid-electrolyte separator in the fuel cell. Currently, the incumbent PEM is a perfluorosulfonic
acid copolymer (PFSA) supported with an expanded-polytetraflouroethylene (e-PTFE) network.® The
most common PFSA is Nafion® (Figure 1), which has poor proton conducting performance when not
saturated by water, thereby requiring operation below 100°C, as higher temperatures require unpractical
levels of pressurization to maintain higher hydration and hence useful proton conductivity.® The
consequence of this is the need for complicated water and thermal humidification and heat-rejection
systems. Therefore, there is still a need for materials with even higher proton conductivities than the
incumbent polymers, especially under hotter and drier operating conditions. Thus, understanding and
improving the ion-transport in PFSA ionomers and their analogues have been of great interest in the

scientific community with direct implications for various energy-conversion technologies.
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Figure 1. Chemical structure of PFSA (a) and PFIA (b). n=4-5.

The cell performance is directly related to the membrane’s transport properties, which are governed by
the ionomer’s chemistry including equivalent weight (EW) (or ion-exchange capacity, IEC) and side
chain chemistry, physicochemical state and morphology, as well as environmental conditions. In
particular, proton transport in the PFSAs is governed by a multitude of complex mechanisms occurring
across length scales, including dissociation of protons from acidic end groups and their transport through

water domains facilitated by polymer matrix relaxations.

PFSA morphology is driven by hydration, which results in growth and connectivity of the hydrophilic
domains that enable facile proton and water transport.*® However, the disordered nature of PFSA

ionomers combined with the presence of distinct mechanisms governing transport at molecular scale



(proton dissociation and relaxations of the polymer matrix), nano-scale (transport within water domains)
and mesoscales (network tortuosity, polymer dynamics and long-range transport) results in a multi-scale
transport phenomenon. While the water-ion interactions within the proximity of polymer sulfonate ions
and the relaxations of the polymer matrix are more dominant at smaller lengthscales, morphology-driven
transport and mesoscale polymer dynamics become more influential at larger lengthscales. Increasing
hydration impacts these mechanisms at all lengthscales by: (i) enhancing proton dissociation; (ii)
accelerating relaxation times of polymer matrix dynamics (plasticization of the matrix); and (iii) reducing
network tortuosity, thereby improving domain interconnectivity to promote more facile water-ion
transport.>® * It was inferred that conductivity is not solely impacted by the hydration, but also influenced
by the polymer-chain structure and conformation, as shown in studies on transport,*® ° dielectric
spectroscopy,>® ® NMR** 7 and molecular modeling,® pointing out the roles of backbone and side chain
conformation in transport and the favorable impact of shorter backbone on better-dispersed domains. The
role of lower EW in enhancing proton mobility at the same A was attributed to the formation of more
continuous water network, wherein the associated bound water molecules are loosened due to the closely-
spaced sulfonate groups,*® thereby increasing the mobility by enhancing formation of water-sulfonate
bridges and stabilizing the hydrogen-bond network.%® %59 It must be pointed out that lower-EW PFSAs

8b-d, 8g, 10

possess shorter side chains compared to Nafion®, influencing proton dissociation and transport,>

7e. 11 the effect of which becomes apparent at lower RHs, where the proton transport relies on the

hydronium bridges between sulfonate sites and side chain.®& 8 12

While lowering EW, and therefore increasing the molar acid content, enhances the membrane’s proton
conductivity, it also negatively impacts its stability by shortening the fluoropolymer backbone chain,
resulting in a transport/stability tradeoff. One strategy to overcome such detrimental effects in low-EW

PFSAs is to alter the side chain chemistry, while maintaining the same stable backbone. It has been



documented in the literature that PFSAs with a shorter side chains could exhibit higher conductivity at a
given relative humidity (RH), which is related to their ability to attain higher water content and IECs
with efficient chain packing without sacrificing stability compared to their Nafion analogue. In a recent
study, Giffin ef al.>® showed that EW affects the hopping- and proton-conduction mechanisms, which are
accompanied by changes in the crystallinity and conformation of the PTFE backbone, indicating the
critical role of EW in facilitating proton transport and controlling the structure/function relationship.
Molecular-Dynamics (MD) simulations suggest that short(er) side chain ionomers have improved
backbone flexibility, which enhances the proton dissociation and leads to higher conductivity.®® This
improvement stems from the work of Agmon,'* where structural diffusion of proton hopping was
described via a series of bond breaking and forming steps transfer protons across the hydrogen-bond
network,* '* which occurs on the order of ps.!* Such a hopping mechanisms is thus tightly correlated to
solvation phenomena and ion distances to enable reorientation of water molecules, and therefore is
thought to be more dominant at higher hydration conditions.*® > !> While these aspects were initially
explored in aqueous environments by Tuckerman ef al.,' more recent explorations point to the fact that
water exists in a bulk-like structure in the center of a domain where transport is facilitated by proton
hopping, whereas, at the polymer/water interface (within < 1 nm of pore wall), transport is vehicular in
nature.!” The simulations revealed that when the backbone is folded partially, it brings sequential SO3"
groups closer, thereby allowing water to bind strongly to the protogenic groups. Such transport may well
be altered by different molecular and water-domain configurations, where for example, proton

dissociation was found to increase as the distance between the SOsH groups decreased.'®

FT-IR ATR and micro-Raman vibrational investigations allowed to obtain information on the structure
of the hydrophobic polytetrafluoroethylene domains of PFSA and on the interactions polymer— polymer,

polymer —[nanofiller] and polymer—[H>O] in bulk materials. In particular, vibrational studies of the CF



region revealed that the fluorocarbon chains of hydrophobic PTFE domains of PFSA membranes consist
of a blend of 2i, 157, 105, and 4; helices.”® '° It was highlighted that the mesoscale structural
reorganization of these conformational chains play a crucial role in modulating the microscopic
morphology of bulk membranes. Indeed, the EW is a crucial parameter in the modulation of the helical
conformation of backbone chains and therefore of the composition of the chain blends in PTFE domains
of PFSA membranes. In addition, this investigation demonstrated that the hydrophobic domains of PFSA
membranes mainly consists of a blend of 157, 103 conformational chains which: a) in Nafion is
predominated by the concentration of 157; and b) in 3M membrane at 825 EW by the 103, while for all

of the other higher EW membranes by the 157 helix.’* !’

The combination of MD and FT-IR spectral analysis allowed to get a closer look at water in the
hydrophilic domains of PFSA membranes. Particularly, ATR FT-IR studies in the range 1560-2000 cm

1 : . o . .
revealed four different species of water clusters embedded inside polar domains and their

interconnecting channels: (a) bulk water [(H,0),]; (b) water solvating the oxonium ions directly
interacting with sulfonic acid groups [H3O*--SO3™-](H,0),; (c) water aggregates associated with H;O%

ions [H30*(H,0),]; and (d) low associated water species in dimer form [(H,0),].°* ?° The latter two
water species are present in both the Nafion hydrophilic domains and their interconnecting channels.
These studies permitted to distinguish the physicochemical behavior of the structural reorganizations of
water molecules in the “surface” of the polymer domains as opposed to “bulk” water molecules

embedded in the hydrophilic cavities of the membranes.?!

Investigation of the electrical response of PFSA membranes by Broadband Electrical Spectroscopic

(BES) revealed that the long-range charge migration mechanism (i.e., the overall conductivity, ot = ogp



+ orp) 1s the superposition of two distinct conductivity mechanisms: the material’s interdomain (o1p) and
the bulk proton conduction pathway (ogp).?? It was demonstrated that ogp is a long-range conduction
pathway which occurs when the proton is exchanged between different delocalization bodies (DB). For
definition a DB was identified with a wetted sub micro metric volume of a membrane, which includes
all its components (the hydrophobic and the hydrophilic domains and if there is any the nanofiller
particles) where the proton, with respect to the time scale of the overall conductivity, is exchanged
between coordination sites so fast to be considered delocalized. Therefore, the long-range migration
process occurs when different DBs exchange the proton at the characteristic time of the overall
conductivity by coming into contact following the fluctuations/segmental motion of the hydrophobic
domains of the PFSA host matrix.?? It was reported that Gip consists of an interdomain proton conduction
pathway which occurs when the proton is exchanged between ligand coordination sites distributed along
the interface between the hydrophobic and hydrophilic domains. It was revealed that in general in wetted

PFSA membranes ogp is 2-4 orders of magnitude higher than cip, thus o1= Ggp + G1p = Ggp.>>

Changes in transport mechanisms with EW also imply a change in the water-domain network.
Nevertheless, when the conductivity is compared at the same water content, the improvements become
relatively minimal, especially at lower RH (see a recent review for details).’® Thus, there is a need to
explore alternative side chain chemistries that could promote better proton transport at the same water
content. One strategy that has shown promise in improving PFSA performance in harsh environments
and possibly breaks the PFSA conduction mechanism and paradigm is increasing the number of
protogenic groups on the side chain (for the same backbone), so-called multi-acid side chain (MASC)
ionomers, developed by 3M.2* These polymers are based on a medium chain sulfonyl fluoride.?> One
particular chemistry is perfluoro imide acid (PFIA), which shares the same fluorocarbon backbone as the

PFSA, but contains an additional imide acid group providing the secondary protogenic group (Figure 1).



The 3M PFSA is synthesized by hydrolyzing the sulfonyl fluoride to the sulfonic acid (Figure 1a).
However, the sulfonyl fluoride may also be converted to the PerFluoro Imide Acid (PFIA) (Figure 1b)
that has two dissociable protogenic groups.?* This approach has the advantage that for the same number
of PTFE groups (n) needed for structural integrity along the backbone, two acid groups can be introduced
allowing a lower EW polymer with similar strength and water stability as the equivalent PFSA. In this
case, starting with the same sulfonyl fluoride polymer, the PFSA generated would have an EW of 825
g/mol, but the PFIA would have an EW of 583 g/mol at 100% conversion. This important material is
being developed by 3M because of its dramatically higher proton conductivity at lower RHs than the
parent PFSA, which results in improved performance in fuel cells when run under hotter and drier

conditions.

As noted above, proton dissociation and the number of water molecules required to enact proton
dissociation is directly impacted by the backbone length of the side chains: the shorter this backbone, the
lower the number of water molecules required to transfer protons to the hydration shell of water.3® ¢ 26
Thus, the backbone conformation of side chains and the proximity of the acidic groups are strongly
intertwined and influence proton transport.®® ¢ It was shown that heating a membrane up to 160 °C results
in a broader distribution of less conductive sites, reminiscent of dehydration effects.?” However,
temperature-dependences of such effects could be different as the 3M PFIA was shown to retain slightly
higher hydrophilicity at elevated temperatures, in line with its more conductive nature, despite its similar

atomic-force-microscopy (AFM) profiles at lower temperatures compared to PFSAs.?’” From AFM

studies, larger hydrophilic domains of 7-8 nm in size have been inferred for PFIA.?’

The work in this paper is aimed at developing an understanding of the details of proton transport and

why it is improved for the PFIA and the implications on polymer properties of the bi-functional side



chain. Throughout the paper, we compare the PFIA to the PFSA built from the same perfluorsulfonyl
fluoride so that the only variation is the side chain of the polymer and the PTFE backbone length remains
constant. We start by assessing the through-plane and in-plane proton conductivity of the material as a
function of temperature and RH. Water uptake is measured by dynamic vapor sorption (DVS) and is used
to normalize the proton conductivity to water content. Next, we assess the mechanical properties of the
polymer by thermogravimetric analysis (TGA), modulated differential scanning calorimetry (MDSC),
dynamic mechanical analysis (DMA), and extensional rheometry under RH control. From these
measurements, we have a complete picture of the material’s ionic and mechanical performance. We use
infrared (IR) spectroscopy to study the structural features of the materials and the unique chemical
interactions of the side chains and an extensive small- and wide-angle X-ray scattering (SAXS and
WAXS) study to shed light on to the nanostructure of the polymer morphology. Finally, broadband
electric spectroscopy (BES) data and MD calculations are used to elucidate and confirm the origin of the

mechanical properties and the mechanism of proton conduction in PFIA.

EXPERIMENTAL

MATERIALS. PFIA membranes from 3M Company were prepared as previously described.>* Membranes
were fabricated by casting from a dispersion in ethanol and water (75:25 vol%) that was cast onto an
inert liner, dried at 140°C, and then subsequently annealed at 200°C in air. The films were cleaned by
boiling in 4 separate solutions for 1 hr each, in succession: hydrogen peroxide (3-wt% hydrogen peroxide
in water), deionized (DI) water (18 MQ), sulfuric acid (0.5 M), and DI water. Membranes were rinsed
with DI water following each step and stored in DI water in the dark.

CONDUCTIVITY MEASUREMENTS — THROUGH-PLANE. The through-plane conductivity was

measured as a function of RH and temperature via AC impedance measurements using a Membrane Test
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System (MTS) (MTS740, Scribner Associates, Inc.) equipped with an SI 1260 impedance/gain-phase
analyzer (Schlumberger Technologies, Inc.) and ZPlot software (Scribner Associates, Inc.). Membranes
were cut into a rectangular piece with the dimension of 10 mm by 30 mm and were sandwiched between
gas-diffusion layers (GDLs) (SGL 10BC). The GDLs were attached to the platinum source electrode
with conductive carbon paint. The assembly was compressed with a load of approximately 2.15 MPa
measured by a calibrated force spring and dial displacement indicator. Samples were first kept at 70%
RH and 30°C under nitrogen atmosphere for 2 hours at the beginning of the test. Afterward, samples
were dried to 20% RH with a step of 10% RH, and then hydrated to 90% with an increment interval of
10% RH, then to 95% and 98% RH. The through-plane conductivity was calculated as k = L/RA, where
L is the thickness of the membrane measured at ambient conditions, R is the resistance derived from the
intercept of the high-frequency impedance with the real axis, and A is the overlapping area of the
platinum source electrodes (0.5 cm?).

WATER UPTAKE. Membrane water uptake as a function of RH was measured by DVS (Surface

Measurement Systems, UK) at 25, 30, 60, and 85°C. First, the samples were dried in the DVS at 0% RH
and 25°C for 2 hours to set an initial state for sample weight. The samples were then humidified from 0
to 90% RH with an increasing RH interval of 10%, and then to 98% RH. Samples were dehumidified
back to 0% RH following the same RH values and interval, but in the opposite sequence. Water uptake
of the membrane, AMy, was continuously determined from the weight change with respect to the
sample’s dry weight, Mo, which was determined after heating the sample to 120°C. At each RH step, the
samples were equilibrated for a minimum of 2 hours or until the change in the sample weight, AMw/Mao,
was less than 0.005 %/min. The average of sorption and desorption values were taken at each humidity.
The water content, A, the number of water molecules per acid group of ionomer, is calculated based on

the water uptake, AMw/Mo as:
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_ mol(H,0) _ AM, /18
mol(acid group) M,/EW’ (1)

where EW is also defined as weight polymer per acidic group in g/mol and the molecular weight of the
water is 18 g/mol. EW is determined as elsewhere reported.?®

TGA. TGA analyses were carried out using a high-resolution thermobalance TGA 2950 (TA Instruments)
under either a nitrogen or dry air flow, at a rate of 100 cm® min™'. The sensitivity of the instrument is in
the range of 0.1 to 2 % min™ and the resolution is 1 ug. TGA profiles are collected over a temperature
range between 25 and 950°C with the heating rate varied from 40 to 0.001°C min™!, depending on the
first derivative of the weight loss. Approximately 3 mg of sample was loaded onto an open platinum pan.
The dry samples were prepared inside a glove box under an argon atmosphere and the entire analyzer
was mounted inside a nitrogen filled glove bag.

MDSC. Modulated Differential Scanning Calorimetry (MDSC) analyses were performed using a DSC Q
20 (TA Instruments) equipped with a liquid nitrogen cooling system. Measurements were carried out
using a modulated mode over a temperature range of -150 to 350°C, with a + 1°C modulation every 60
seconds. Approximately 4 mg of sample was loaded inside a hermetically-sealed aluminum pan. Dry
samples were prepared inside a glovebox under an argon atmosphere.

FTIR-ATR. Fourier Transform — Infra Red Attenuated Total Reflectance (FTIR-ATR) spectra were
collected using a Nicolet FT-IR Nexus spectrometer with a resolution of 2 cm™!. The spectra for PFIA
samples were obtained in Single-Bounce ATR mode using a Golden Gate accessory (Specac) in the mid-
infrared (MIR) range. The spectra for PFSA samples were obtained in the ATR mode using a Perkin-
Elmer Frustrated Multiple Internal Reflections 186-0174 accessory. Dry samples were prepared inside a
glovebox under an argon atmosphere.

BROADBAND ELECTRICAL SPECTROSCOPY (BES). BES data are collected over the frequency range

of 0.1 Hz to 1 MHz using a Novocontrol Alpha Analyzer. The electric spectra were measured in the
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thermal range between -105 and 195 °C using 10 °C intervals with accuracy greater than + 0.1 °C. The
temperature was controlled with a cryostat equipped with a gaseous nitrogen heating-cooling system.
Circular samples of diameter 13 mm were compressed between two platinum cylindrical electrodes. Dry
samples were prepared inside a glovebox under an argon atmosphere and wet membranes were measured
in twice deionized water.

SMALL- AND WIDE-ANGLE X-RAY SCATTERING (SAXS/WAXS). X-ray scattering experiments were

conducted at the Advanced Photon Source (APS) on beamline 12-ID-C and at the Advanced Light Source
(ALS), beamline 7.3.3. The experiments at the APS were conducted in an environmental chamber with
control over temperature and humidity, and was verified to be constant by a calibrated Visala HMT337
humidity transmitter; more detailed description of the custom-built chamber has been previously
reported.?’ The conditions of the chamber will be described throughout the text and range from 0 to 95%
RH and 30 to 90 °C. The energy of the beamline was 12 keV with a wavelength of 1 A. For the humidity
sweep, the membrane was first allowed to equilibrate at 60 °C and 0% RH, and then RH was increased
sequentially up to 95% RH. After the membrane was equilibrated at 0% RH, a step change in RH was
made to 25% RH and data was taken every 5 minutes until the membrane reached equilibrium, at least 1
h. This was repeated for 50, 75, and 95% RH. For the temperature sweep, the film was allowed 1 h to
equilibrate at the initial condition, data was then collected, followed by a 10 °C increase in temperature.
After the chamber reached each condition, the membrane was allowed to equilibrate until no further
changes were observed. This process was repeated for the whole temperature range. SAXS/WAXS
experiments at the ALS were carried out using computer-controlled heating stage containing liquid-
solution cells allowing imaging “in-situ”’. Experimental details are provided elsewhere.?° The samples
were tested either in DI water or dry, and scattering patterns were collected at different temperatures.
The X-ray energy was 10 keV, and wavelength was 0.124 nm with a monochromator energy resolution,

E/dE, of 100, and the patterns were acquired with a two-dimensional (2D) Dectris Pilatus 2M CCD
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detector (172 um x 172 um pixel size). The scattering wave vector, q = 4= sin(0)/0.124, ranged from
0.008 to 0.04 A™! for SAXS and extended up to 4 A™! for WAXS, where 0 is the scattering angle. For all
the collected patterns, intensity vs. scattering wave vector (I(g)) profiles were obtained from the radial
integration of 2D images and corrected for background scattering.

MOLECULAR-DYNAMICS CALCULATIONS. MD simulations of periodic entangled polymer systems

at varying hydration levels and temperatures were conducted using the program AMBERI14.3! To
investigate the effect of hydration level and temperature on the behavior of the PFIA membranes and
facilitate comparison with experiments, A values of 1, 5, 15, and 20 were simulated at temperatures of
25, 60, 80, and 125 °C. The systems consisted of TIP3P3? water, classical hydronium ions and the PFIA
polymer chains. The classical hydronium cations (H30") were modeled based on the force field used in
previous work,*® while a charge modified generalized AMBER force field was used to describe the
polymer.>3%3* To calculate the charges, the PFIA monomer was optimized at the B3LYP/6-311G(2d,d,p)
level of theory and basis set using the Gaussian 09 program,* followed by a single point calculation at
the HF/6-311G(2d,d,p) level of theory and basis set. The charges were then calculated using RESP*¢ and
antechamber®’ in accordance with previous publications.’*> 3 Initial construction of the entangled
polymer systems was performed using an in-house Monte Carlo chain-growing algorithm that allowed
for precise specification of the length, number, and composition of polymer chains.**>3° The entangled

systems were then solvated with the program Packmol*

to insert the classical hydronium molecules (one
for each acid group in the system) and the appropriate number of water molecules to obtain the desired
hydration level. Systems were subjected to an initial minimization of 10000 steps using the steepest
descent algorithm followed by 10000 steps of conjugated gradient geometry optimization. The systems
were then subjected to a cycling process, which consisted of alternating between 500 ps in the isobaric

isothermal (NPT) ensemble at 1 atm pressure and 298 K, and 500 ps in the canonical (NVT) ensemble

at 500 K. The cycling was performed until no significant change in density was observed in the NPT

14



simulations. All systems were then equilibrated for 500 ps in the NPT ensemble at the desired production
temperature before running the NVT and NVE ensemble production runs. The production runs consisted
of 5 ns in the NVT ensemble for structural property calculation and 20 ns in the NVE ensemble for

diffusion and dynamic property calculation.

RESULTS AND DISCUSSION

CHARACTERIZATION OF THE BASE NANOSTRUCTURE. We first discuss the thermal behavior of

the two polymers. To understand their intrinsic nanomorphology, various studies of the dry systems are
carried out to highlight the differences in the two side chains and their respective effects on the polymer
backbone. The thermal stability and transitions of the PFIA are compared to the PFSA in their dry states
by TGA and MDSC in Figure 1. The small mass loss (I), occurring at temperatures below 200 °C and
present in the profiles of both PFIA and PFSA, is attributed to the elimination of traces of water and
possibly decomposition of side chain termini sulfonate-group moieties. A two-step mass elimination
process then follows, beginning at 360 °C for PFIA and 390 °C for PFSA (II). The first part of this two-

step process (II) is attributed to the thermal decomposition of the respective side groups.®® 2% 4!
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Figure 1. (a) HR-TGA profiles of PFIA (solid line) and PFSA (dashed line), with HR-TGA profiles as a

function of weight derivative (inset). All analyses were carried out in a nitrogen atmosphere. MDSC
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profiles of PFIA (solid line) and PFSA (dashed line) presented as total heat flow in (b) dry state and (c)

wet state.

The second part of the two-step decomposition (III) is attributed to the thermal decomposition of the
PTFE backbone itself, and occurs at 542 °C for the PFIA, and 455 °C for the PFSA.’» 6 28 41 Thjg
suggests that, in the PFIA, the elimination of side functionalities occurs through elimination processes A
and B shown in Scheme 1. These latter result in the dynamic crosslinking interactions occurring between
the perfluorinated side groups, which stabilize the resulting hydrophobic polymer network. As Scheme
1 shows inter- or intra-side chain interactions occur in the PFIA owing to (R-SO>—)>N-H - HSO3-R
and (R-SO2-)NH>" -** "SO3-R type interactions that stabilize the pristine polymer below 200 °C and
reduce the temperature of the side chain degradation in process I, compared to PFSA. We hypothesize
that in the pristine PFIA, a mixture of intra- and inter-side chain interactions are present where intra-side
chain interactions occur as shown in Scheme 1a, while inter-side chain interactions take place according
to Scheme 1b. On this basis, the PFIA has a lower degradation temperature than the PFSA due to
processes 1 and 2 (Scheme 1). The thermal stability of the side chains is reduced as the degradation of
the sulfonyl imide functionalities produces volatile species that are easily eliminated. This then promotes
the thermal crosslinking that renders degradation event III for PFIA at higher temperature than that
observed for the PFSA, thereby suggesting that flexibility of the PFIA side chains is higher than that of

the PFSA ones, resulting in a distribution of conformations that help delocalize the protons.
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IntrA-Side Interactions (IASI)
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Scheme 1. Intra- and inter-side chain interactions between PFIA side chains, where A and B show models
of the hypothetical intra- and inter-chain interactions, respectively. The models are supported by
thermoanalytical and FT-IR ATR studies (see text). (1) and (2) show a scheme of the elimination process
(IT of the HR-TGA profiles, see Figure 2), confirmed by the FT-IR analysis of degradation gases (data

not shown).

The above schemes are also consistent with the MDSC results in Figure 1b, where both the PFIA and
PFSA exhibit a subzero temperature thermal event, f3, that occurs at ca. —18 and ca. —45 °C for the PFIA
and PFSA, respectively. This event is likely associated with the ether moiety at the junction between the
side chains and the polymer backbone.** The slight increase in the temperature of the P transition for the
PFIA with respect to the PFSA may be due to a more hindered motion around the ether connections. A
second thermal event, a1, that occurs largely in the same region for both materials, i.e., 40 to 50 °C, is
assigned to an order/disorder conformational transition attributed to the 13¢ to 157 CF helical transitions

of the PTFE backbone chains.?®#!:4> A final relaxation phenomena, oy, is observed at ca. 100 °C for both
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the PFIA and PFSA, and is associated with the segmental motions of the PTFE backbone chains**=° (i.e.,
diffusion of conformational states along perfluorinated backbone chains in the hydrophobic domains).
The melting transition of the PTFE hydrophobic domains (Tm) of the PFIA is observed at ca. 150 °C,
whereas that of the PFSA occurs outside of the available temperature range of the instrument.?? In
addition, MDSC of the wet membranes demonstrated two thermal events for both membranes, labeled
as W and apc in Figure 2c. For both PFIA and PFSA, the W transition occurs at 0 °C and is attributed to
the melting of the water in the hydrophilic domains. %% 19-20,22-23, 430,44 The hjgher temperature transition,
opc, occurring at ca. 117 °C for the PFIA and ca. 170 °C for the PFSA, is associated with long-range
motions of the backbone and the side chains that result from the weakening of the electrostatic
interactions within the ionic aggregates.’® ! * The higher temperature of oy for the PFSA with respect
to PFIA is interpreted on the basis of the interactions between the side chains in the hydrophilic domains
(see Scheme 1). Indeed, it is expected that owing to the higher flexibility of the side chains in PFIA, in
accordance with Scheme 1, a distribution of solvated intra- and inter-side chain interactions characterize
the hydrophilic domains of PFIA, which better delocalize the proton; this lowers the oy transition
temperature. In contrast to the PFIA, the shorter, less flexible chain in the PFSA is expected to exhibit

stronger inter-side chain interactions that increase the temperature of the ay,c event.

All of the above thermal transitions and changes are further confirmed through FT-IR studies (see Figure
3), where there are clear spectral differences between the respective hydrophobic domains of each
membrane type. These differences highlight the differing helical conformations within the hydrophobic

PTFE domains.
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Figure 3. FT-IR ATR spectra of PFIA (solid line) and PFSA (dashed line) in their dry states in the region

1600-400 cm™'. The inset magnifies the spectral region between 1500 and 1300 cm.

For the PFSA, a band centered at 1408 cm™ associated with v(S-OH) and a band at 930 cm™' associated
with v(C-SOOH) are observed. The spectrum of the PFIA exhibits a doublet, observed at 1450 and 1435
cm! in addition to the 1408 cm™ band (see the inset of Figure 3). The two peaks of the doublet are
observed in the dry form of the PFIA and are attributed to the terminal v(S-OH) groups of the side
chains, 3 108 19-20.41.45 Thege results confirm that, in dry conditions, the PFIA sulfonic-acid groups are
clearly involved into two types of structural distributions modulated by intra- and inter-side chain
interactions, respectively (see Scheme 1). It is expected that the stretching vibration at 1435 cm™! is
associated with the v(S-OH) of the terminal sulfonic-acid groups of the looped side chains modulated by
the intra-side chain interactions (see Scheme 1A). These modes resonate at higher energies than that of
the PFSA inter-side chains. The vibration at 1450 cm™ corresponds to the v(S-OH) of the B inter-side

chain interactions (see Scheme 1B), which are better stabilized in terms of interaction enthalpy, but
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entropically less probable. Finally, the shoulder at 1408 cm™ indicates that in the PFIA, a very small
concentration of side chains are present that are interacting by means of R-SO3H :+- HSO3-R inter-side
sulfonic (ISS) acid group interactions. In summary, for the PFIA, the concentration of intra- (A), inter-
side chain (B), and ISS acid groups increases in the order A > B > ISS. This result is in agreement with
the MD studies of the structure of PFSA and PFIA ionomers, which demonstrate that in the PFIA, 60%
of the side chains are curved forming intra-chain rings, while the remaining 40% maintain their linear
extended structure interacting with the neighboring side chains.*® These results are also confirmed by: i)
the band at 930 cm’! that is assigned to the bending vibration of inter chain interacting —SO3H groups,*’
thereby supporting that in the PFIA the fraction of inter-chain R-SO3H -+- HSOs-R bridges is negligible;
and 2) the peak at 821 cm™!, associated with the v(C—S) stretching mode,*® showing that the symmetry
around —SO; groups is lost and the peak increases activity in IR, resulting in rising intensity. Finally, for

the PFIA, the v(NH) band at 3204 cm™ is now observed (discussed in detail below).

The membrane nanostructure is also examined in the diffraction regime using SAXS and WAXS (Figure
4, Figure S1). It is apparent from the figure that, in the dry state, the ionomer peak of the PFIA persists
after drying the film at 120 °C while that of the PFSA disappears. The fact that the PFIA could preserve
a more apparent phase-separation above 100 °C indicates that the strong acid/base interactions (shown
in Scheme 1) stabilize the structural features of the hydrophilic domains and facilitate the degradation
event II in the TGA profiles (see Figure 1a). From Figure 4b, both the PFSA and PFIA exhibit broad
WAXS features that can be fit to two peaks at qa ~ 1.18, and crystalline peaks at qc ~ 1.24 Al
corresponding to inter-planar distances of ~5.3 and 5 A, respectively.®® Multiple crystalline peaks
observed for the PFIA that can be assigned to the polymer’s PTFE domains, which consist of a blend of
chains with 21, 157, 105 and 4 helical conformations. The helical structure of a perfluorinated backbone

chain can be described with the X; notation, where X indicates the number of CF units present in the
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repeat unit, which are distributed in ¢ turns of the helix along the chain axis z, Scheme 2 (b-II). In the
PTFE domains with the 103, 157 and 41 conformations, we expect to have helices, while in the 2; domains
the backbone CF> units are located in a plane with trans- (T) geometry (TTT) (see Scheme 2a). Helical
conformations of crystalline domains can only be formed when a close-packing of the PTFE backbone
chains is allowed. As previously demonstrated in other ionomers,>® close packing of the backbone chains
depends on the IEC of the material and is possible only if the lateral groups are located in a linear
direction that is parallel to the chain axis on the cylindrical-like surface of the helices (Scheme 2 (b-III)).
The results reported in Table 1 indicate that the crystallinity of the PFIA is higher than that of the PFSA,
which approximately agrees with the surface FT-IR ATR analysis carried out in the CF> region (see
below). The same trend is also revealed for the fraction and size domains with a 21 conformational

geometry; however, the opposite trend is observed for the size of 103 crystalline domains.

For the PFSA, this condition is achieved when the backbone chain assumes the 103 helical conformations,
while the 157, which is the commonly preferred stable conformation for PTFE, corresponds to a helical
chain that spreads the side chains statistically around the entire cylindrical surface defined by the helical
geometry of the backbone (Scheme 2(b-I)). This is in accordance with other studies of the PFSA, where
dc and ga are associated with the domain spacing of the backbone chains in the crystalline (with 103
helical conformation) and amorphous (with 157 geometries) PTFE domains, respectively. The peak at qc
=0.9 A1(d=7A)is very weak in the PFSA and corresponds to the interplanar distances of the crystalline
domains with the 2; conformation. In this case, the carbons of the CF, backbone units are located in a
plane and assume a TTT geometry. This backbone geometry allows the polymer chain to form crystalline
lamellas by stacking these planes (see Scheme 2a). Figure 4b clearly shows that a larger fraction of qc
and g¢ 1s observed in the PFIA, wherein the intra- and inter-side chain interactions between the side

chains help modulate the morphology of the PTFE crystalline domains.
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Figure 4. (a) SAXS and (b) WAXS profiles for dry 3M PFSA 825 EW membrane and dry PFIA

membrane showing the characteristic diffraction peaks (marked with arrows).

Table 1. Relative degree of percent and size of crystalline and amorphous domains in PFSA and PFIA

determined from WAXS.
Conformation qA" % crystallinity % amorphous Size / nm
21 0.86 0.8 - 2.8
PFSA
105 1.07 34 - 12.0
157 1.18 - 30.3 4.5
2 0.79 1.5 - 14.8
PFIA
103 1.03 9.4 - 7.1
157 1.21 - 27.3 34

* Size of crystallite is determined by Scherrer formula.*’
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157 conformation (b-I, upper) spreads the side chains statistically around the entire cylindrical like-

surface defined by the helical geometry of the backbone chain (b-II).

HYDRATION BEHAVIOR AND PHASE SEPARATION. The above section discussed the nanostructure

and molecular structure of the dry materials. However, it is known that as these polymers become
hydrated, their base nano-morphology undergoes a structural reorganization, which has been shown to
be necessary for efficient, water-mediated proton conduction.*® As shown in Figure 5, the water uptake
of the PFIA is greater than that of the PFSA, although the shapes of the curves are similar. Both

membranes exhibit similar sorption behavior with the PFIA absorbing slightly higher water (e.g., Apria
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> Aprsa + 1) over the entire RH regime. The fact that the higher uptake of PFIA is a constant offset from
as low as 10% RH to 100% RH suggests that the PFIA is likely to have additional (“residual”) water
molecules even in the dry state, which could be attributed to the primary solvation of the second

protogenic group.

To investigate the underlying physics behind the higher water uptake and conductivity of PFIA, the radial
distribution functions (RDFs) of water and classical protons to the protogenic groups in the side chains
were computed from MD simulations for the various hydration levels, and are shown in Figure S2. At
all hydration levels, both protogenic groups demonstrate a significant affinity towards the classical
protons in the form of hydronium ions and water molecules. For the hydronium ions, both protogenic
groups exhibit a high proton coordination number in the first solvation shell (3.4 HoO/proton for imide
and 3.7 H>O/proton for sulfonic acid groups), hence explaining the higher water uptake of the PFIA

membranes.
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Figure 5. Water content per protogenic (acid) group for PFIA and PFSA membrane plotted as a function

of RH at selected temperatures.
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Furthermore, the sulfonic-acid groups at the ends of the side chains are significantly more attracted to
both the protons and water than the imide groups in the middle of the side chains. This is inferred by the
stronger peaks (larger amplitude) at around 4 A for all hydration levels for both water and protons, as
well as higher coordination numbers for these RDFs. These results suggest that the hydration process
affects both ionomer regions in a similar way, with significant dilution of the protons occurring in the
vicinity of both acid groups. Both protogenic groups have strong solvation shells, which result in
additional water being retained around the imide groups of the side chains in addition to the water around

the end sulfonic-acid groups.

A model of the PFIA polymer was developed to give further insight into the molecular dynamics (MD)
of the hydrated polymer. More in-depth analysis from MD is provided by examining the Heterogeneity
Order Parameter (HOP), defined and discussed in more detail in the SI and shown in Figure S3, where a
higher HOP value is attained when the sites are closer to each other, indicating a closely packed or more
clustered arrangement. As shown in Figure S2, the water molecules have a preference to cluster around
the sulfonic-acid groups, hence causing an increase in their distance to acid groups with increasing
hydration, thereby leading to a decrease in the HOP (lower degree of clustering). Conversely, for both
the backbone atoms and ether groups on the side chains, the HOP values increased with hydration, which
is attributed to water clustering near the side chain middle and ends. As the amount of water in the
systems is increased, the water clusters around the end of the side chains and the hydrophobic backbone
structure are forced to pack together, leading to a rise in the HOP value (higher degree of clustering),
resulting in an enhanced hydrophobic/hydrophilic nanophase separation, especially at higher A (15 to

20).
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To further compare the local structure and water uptake of the PFIA and the PFSA, RDFs of the PFIA
were compared to previously published RDFs for the PFSA by Tse et. al.3 They showed that reactive
hydrated proton dynamics have a very small impact on RDFs and the corresponding coordination
numbers for the PFSA and the longer side chain polymer, Nafion®. Hence, it can be concluded that the
RDFs and coordination numbers presented in this work (Figure S5 and S6), although being from
nonreactive simulations, are an accurate representation of the local interactions in PFIA. The results

demonstrate that the protons are more attracted to the end sulfonic acid group in PFIA as compared to

PFSA as shown in Figure S7 and S8.
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four temperatures. The profiles in dry conditions are also included for comparison. (b) d-spacing and (c)

intensity of the ionomer peak as a function of temperature during heating in liquid water.

As expected for ionomers and from the MD simulations described above, a phase-separated morphology
is anticipated with increasing hydration. To probe this, SAXS was performed under various temperatures

in humid (Figure 6) and liquid (Figure 7) conditions. With increasing temperature, both ionomer peak
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intensity and position shift in the saturated membrane. The d-spacing, corresponding to the correlation
length of hydrophobic/hydrophilic regions, exhibits a non-monotonic dependence on temperature, with
a transition around 60 °C (see the inset of Figure 6a). This trend differs from that for traditional PFSA
materials.*?® While the intensity of the ionomer peak decreases between 30 and 60 °C, the peak intensity
starts to increase once again after 60°C. Similarly, the d-spacing decreases with temperature up to 60 °C

and then exhibits a slight increase between 60 and 90 °C, see the inset of Figure 6a.

To investigate this transition further, SAXS patterns were collected using a humidity sweep at 60 °C
(Figure 6b). The membrane was first allowed to equilibrate at 60°C and 0% RH, and then RH was
increased sequentially up to 95%. The ionomer peak is rather broad and does not change up to 75% RH,
indicating a lack of strong phase-separation. Once the humidification is increased from 75 to 95%,
however, the ionomer peak becomes more pronounced revealing a morphological transition governed by
the hydrophilic groups, or their growth with water uptake, in agreement with the MD simulations and
thermal studies discussed above. The fact that a transition in the SAXS patterns is observed at 60 °C and
75% RH suggests an interplay between thermally-activated polymer-chain dynamics and water-mediated
changes in the hydrophilic/hydrophobic phase-separation. There is an inflection point corresponding to
a feature that is ca. 15 nm; this change is rapid and the SAXS data collection intervals (5 min) did not
capture the dynamics occurring at much faster timescales, which is examined using BES as discussed

later.

The nanostructure of the PFIA in liquid water also exhibits a strong temperature dependence, which,
however, deviates from that observed for a PFSA membrane (Figure 7). Both the PFIA and PFSA exhibit
a larger d-spacing with increasing temperature in liquid water. An interesting finding is that, while the

peak intensity for PFSA increases with temperature, as does its d-spacing, the peak intensity of PFIA
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demonstrates negligible temperature dependence (Figure 7b and Figure 7¢). Such a behavior can be
associated with a hydrated morphology that swells locally with heating (increase in d-spacing) but does
not exhibit any strong structural organization in terms of its hydrophilic cluster distribution or network
connectivity — thus the insensitivity of peak intensity to the temperature changes. Moreover, in liquid
water, d-spacing of PFIA is 50% larger than that of PFSA, over the temperature range of 25 to 95 °C,
which is probably related to the different interfacial reorientations that occur within the two materials,
wherein the PFIA provides a lower energy for the water to enter and expand due to different swelling
interactions compared to the PFSA.3* 3% At higher temperatures, the PFIA’s d-spacing approaches
almost 10 nm (vs. ~5 nm for the PFSA). This observation is consistent with the thermo-analytical results
demonstrating that in the hydrophilic domain the interactions between side chains are of the type depicted
in Scheme 1B, whose distance is approximately double of that determined by PFSA side chains inter-
side chains interactions. It is expected in the PFIA that the increase of the fraction of bundle (103) and
lamellar (21) crystalline domains tend to reduce the size of the amorphous PTFE domains, leading to a
more effective packing of water clusters within less-disordered hydrophilic domains. Thus, the local
structure and layering in the PFIA are interpreted as hydrophilic domains with larger separation distance
(d-spacing), but comprised of smaller water clusters associated to each side chain interface within these
domains. Such an interpretation is in accordance with the SAXS data, which shows that the interplanar
d-spacing of the ionomer peak change only ca. 5 A (see Figure 7) going from the PFSA (d = 31 A) to the

PFIA (d = 36 A), despite the longer side chains in the PFIA.
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Figure 8. OCF for side chains for A = 20 at 25°C (red), 60°C (blue), 80°C (green) and 125°C (black).

Results for all other hydration levels studied are shown in Figure S8.

The above interpretation is also consistent with the MD simulations, where the Orientational Correlation

Function (OCF) is shown in Figure 8 and Figures S9 and S10. The OCF is defined as

OCF(r) = <[3(ﬁ(r,-)z(rj i —1]>

2)

where u(r;) 1s the unit vector as defined above for each of the side chains and backbone units (see Figure
S11), and the correlation is averaged over all side-chain or backbone pairs as a function of distance
between side chain or backbone pairs. The OCF ranges from 0, for completely uncorrelated orientations,
to 1 for completely correlated chains (i.e. parallel or antiparallel orientation). From Figure 8, a strong
peak was observed at ~10 A. This implies that there is a very high local structural ordering in the side
chains, such that they prefer to be parallel or antiparallel to each other. Furthermore, there are significant

features observable at larger distances for all systems studied, indicating that there exists a long-range
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order in the side chain orientations. It is also observed that there is no trend with a change in temperature
for the A = 1, 5, and 15 systems, which is consistent with experimental observations, wherein no
significant change in morphology was observed in the membrane over the temperature range
investigated. Also, similar to the experimental SAXS results, a clear trend emerges for the A =20 system
with changing temperature. The height of the OCF peak decreases from 25 to 60 °C, followed by an
increase in the peak height with a further increase in temperature. This trend is consistent with the SAXS
data, wherein the PFIA went to a more disordered structure when the temperature was raised from 30 to
60 °C, and the ordering increased with a further increase in temperature. This observation is attributed to
the corresponding change in the orientational alignment of the side chains in the A = 20 system, leading
to this transition at 60 °C, which is similar to that explained by Scheme 1-2 and correlated to the well-
known order-disorder events of hydrophobic PTFE described elsewhere for the PFSA domains.%® - 22
The OCF for the backbone is included in Figure S10, and exhibits a similar trend to the side chain
ordering, where the local ordering structure does not exhibit any change with temperature for low
hydration states, and exhibits a similar nonlinear trend for the A = 20 system. To probe the phase
separation and water-cluster environment in more detail, vibrational analyses of the wet PFIA and PFSA
membranes were conducted via FT-IR. The acid forms (where the sulfonic acid proton remains
covalently bound) and ionic forms (where the sulfonic acid is dissociated) can be clearly distinguished
upon hydrating the hydrophilic domains of the membranes. Detailed IR studies of both the PFIA and
PFSA have already been conducted and full spectral assignments can be found elsewhere in the
literature. 102 19 21. 452, 47. 51 O]y those bands deemed most relevant to the argument of this paper are

discussed below.
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Figure 9. FT-IR ATR spectra of PFIA (solid line) and PFSA (dashed line) in their wet states in the regions

(a) 1500-4000 cm! and (b) 900-1400 cm’".

For both the PFIA and PFSA membranes in their wet states, water-related absorbance bands dominate
the respective spectra. However, there are noticeable differences in these water-based regions of the
spectra between the two materials (see Figure 9). The intensity of the water-based bands is significantly
higher for PFSA with respect to those of PFIA, indicating the presence of larger water clusters for PEFSA
in agreement with the various other data. The larger size of water clusters wetting the PFSA hydrophilic
domains is the consequence of the structural reorganization of polymer chains into PTFE crystalline (103)
and amorphous domains (157), which in turn results in more free space within the hydrophilic domains,
in contrast to that occurs in the PFIA, and in agreement with the discussion above. Thus, despite the
water-uptake increases in PFIA compared to PFSA (see Figure 5), the nature of the imbibed water in the
two membranes is different. Indeed, in the PFIA a significant number of lamellar domains with 21 helical
backbone conformations are present. The intense broader band centered at 3400 cm™ for the PFSA is
indicative of the stretching modes of bulk water, suggesting the presence of larger water clusters. This
band is less intense and shifted to 3480 cm™! for the PFIA, indicative of a less extended 3D hydrogen-

bonded environment due to smaller water clusters solvating the side groups, which are also more
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uniformly distributed along the polymer/water interfaces'® 2! 48 310

particularly in the polymer domains
with 21 geometries; a similar effect is observed in the region associated with the bending modes of water.
The PFSA exhibits a strong band centered at 1632 cm™' (I) with a shoulder at 1732 cm™ (II). The PFIA
exhibits complementary behavior with the 1732 cm™ band (II) dominating and the 1632 cm™ band (I)
present as the shoulder. The higher intensity 1632 cm™ band in PFSA again suggests the presence of
larger water clusters ([(H20)n]), where the water molecules behavior is similar to that of bulk water.>® %
19:48,516 The lower intensity of this band in the spectrum of PFIA suggests that the [(H20)a] water clusters
are smaller in size in this membrane. Indeed, for the PFIA, the dominant band in this region is centered
at 1732 cm™! and is attributed to the presence of clusters of “acid water” (3[H30" ++* (H20)x]), where the
H" is exchanged very fast between the water molecules, improving proton delocalization and transport.
It has been previously observed that dehydrating a fully water-saturated PFIA membrane results in first,
the loss of the “bulk water” band at 1632 cm™!, followed by that of the “solvation-shell” band at very
low hydration and much higher temperatures.'®: 2% 435 45 [t should be observed that for the PFSA and
PFIA, no peak III associated with the §([H30™ *** SO3—]*(H20)s) mode is observed at v > 1750 cm. 111
is attributed to the bending modes of water molecules solvating oxonium ion clusters directly interacting
with the R — SO3™ anion groups.®® % 31® This result indicates that the protons in the water domains are
delocalized increasingly in the order PFIA >> PFSA, which will have an impact on the conductivity as
discussed in the next section. In the wet state, the sulfonic-acid groups of the side group termini of both
membranes are in the ionic state, which is to say that they are deprotonated. !°20: 43547 This gives rise
to a variety of diagnostic peaks for both PFIA and PFSA membranes. For the PFSA, bands at 1342 cm’!
and 1059 cm! are observed and assigned to vsym(SO3") and vasym(SO3) bands. The spectrum of the PFIA
also exhibits the 1342 cm™! band of the vsym(SO3) group, however, the band associated with the Vasym(SO3”

) is broader in nature and slightly shifted to 1053 cm™! with respect to that observed for PFSA. This is a

result of the smaller water clusters formed in the PFIA that gives rise to solvation shells as opposed to
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the larger water clusters present in the PFSA. A third peak is observed at 1086 cm™ that is present only
in the spectrum of the PFIA and is assigned to the vsym (SO.) of the sulfonyl imide.*? Finally, care must
be taken when interpreting the two strong doublets (centered at ca. 1188 and 1138 cm'") that are present
in the CF region of the spectra for both the PFIA and PFSA. In this region, there are contributions arising
from the CF2 modes of various different helical conformations of the fluorocarbon backbone chains in
the PTFE domains.>® !> 4752 There may also be contributions from COC, SO», and SNS modes, % 4347
52¢ however, based on the stoichiometry of the membranes, these are likely to be minor contributions and
so in accordance with other studies;*'® this region is dominated by the vibrational modes diagnostic of
the type of different helical conformations of PTFE backbone chains. Figure 10 clearly shows that the
hydrophobic domains of both the PFSA and PFIA are based on a blend of perfluorinated backbone chains
with different conformations. This result agrees with other studies'™32*® and the WAXS results (Figure
4). There is a clear difference between the PFIA and PFSA in terms of the weighted contributions of the
157, 103 and 21 helical conformations. It is evident that the peaks corresponding to the 103 and 157 are
dominant for PFSA with respect to the 21 geometries. Therefore, on the basis of the peak assignment
reported in Figure 10, we can summarize that the hydrophobic PTFE domains of PFSA and PFIA are
comprised of a blend of helical chains with the conformational fraction decreasing in the order 103 > 2y;
the fraction of 21 chains, which are negligible in the PFSA, is significant in the PFIA; and going from

the PFSA to PFIA raises the fraction of 103 and 2 crystalline domains and decreases the abundance of

157 amorphous domain.
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Figure 10. FT-IR-ATR of wet PFIA (left panel) and wet PFSA (right line) in the CF>region 1100-1260
cm’! The assignments summarized in the figure were performed correlatively on the basis of previous
results on perfluorinated backbone chains with different conformations (103, 157, 21 and 41). In order to
better support the correlative assignment of the vibrational modes shown in the figure, the spectral

profiles of PFIA and PFSA were decomposed by Gaussian functions as elsewhere described.>!% 322 b 53

Overall, the hydrated nanostructure exhibits significant differences between the PFIA and PFSA, where
the various inter- and intra-side chain interactions modulate the composition and hence the water
clustering and domain alignments. A higher concentration of the 2; conformation in the PFIA increases
the density of lamellar morphologies, which act to absorb water at their existing interstices and interfaces.
This reduces the size of water clusters, enhances their distribution and increases the local water uptake
(per acid group), which agrees with the larger spacing of hydrated domains in PFIA (Figure 7). These

interactions are temperature dependent and dictate the overall nanostructural rearrangement with
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hydration. Furthermore, the presence of a predominating concentration of side chains of type A (Scheme
1), whose structure is modulated by intra-side chain interactions, improves the delocalization of protons
in the solvation water “shells” present at the interstices of PFIA hydrophilic domains. This delocalization
is thus expected to impact the proton conductivity of the membranes, especially under intermediate
hydration conditions where the differences are most extreme.

PROTON CONDUCTIVITY. The above sections detail the hydrated environment and especially the

nanostructure and underlying structure/function relationship of hydration, but do not discuss the transport
phenomena that are engendered. In this section, the protonic conductivity of the PFIA is examined and
compared to the PFSA to elucidate how the local water environments and nanostructure impact proton
conduction. The through-plane conductivity of the PFIA membrane as a function of RH is summarized
in Figure 11. At 30 °C, the PFIA clearly exhibits higher conductivity than the PFSA at lower RH, e.g., ~
0.03 vs. 0.01 S/cm at 40% RH for the PFIA and PFSA, respectively. With increasing humidity, however,
the relative difference between their conductivity diminishes from 200% down to 20% at 98% RH. PFIA
has superior conductivity at all intermediate RH conditions, which is due to the role played by the
multiple acid groups in the PFIA side chain. The positive impact of the multi-acid chain on conductivity
manifests itself even more strongly at the higher temperatures measured, 60 and 85°C. Here, there is a
change in shape of the curves for the PFIA to almost linear with RH (as opposed to the more concave
shape of a typical PFSA), where the middle region (40 to 80% RH) is more sensitive to the side chain
chemistry. As with the low temperatures, the conductivities of two membranes get closer as they

approach 100% RH.
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Figure 11. (a) Through-plane proton conductivity of PFIA and PFSA membrane as a function of RH at
three temperatures shown in log scale, where the inset shows the Arrhenius plot at 60 and 90% RH. (b)

Conductivity (from a) vs. water content (from Figure 5) at 30 °C for the two membranes.

To understand this trend better, the conductivity is plotted as a function of water content, A (water
molecules per acid group) in Figure 11(b), which shows that even at the same A, the PFIA has slightly
higher conductivity than the PFSA. Nevertheless, the conductivity values converge at maximum A (close
to saturation). Thus, it is to be expected that the charge carrier density in both the PFSA and the PFIA
are almost the same and that the difference in the conductivity is simply associated to a change of proton
mobility in the two different structural environments, specifically in the hydrophilic domains of the bulk
PFSA and PFTA membranes. This evidence is in contraposition with the assumptions performed for PFIA
elsewhere.*® This experimental evidence can be quantitatively rationalized by considering that the
dissociation constants of the two different chemical functionalities characterizing the PFIA side chains
cannot be equal. Furthermore, the shape of the curves in Figure 11(b) also overlap substantially and thus
do not appear to be a superposition as expected for similar dissociation; please see the SI for a more

detailed discussion. The higher conductivity for the PFIA compared to the PFSA at the same humidity
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occurs as well for the in-plane conductivity (see experimental in SI and data shown in Figure S12). Both
polymers demonstrate an anisotropy in conductivity, which may be due to the measurement technique
since the through-plane measurement has a more complicated setup and involves possible influences due
to the interfacial phenomena including perhaps the impact of surface layers, as has been described
previously for PESA membranes.>!®>* The differences in conductivity can be rationalized by the different
hydrated nanostructures discussed above. At drier conditions, the PFIA’s multi-acid side chain lends
itself to smaller water clusters, associated directly with the side chain movements and interactions. Such
an orientation also enables a more efficient hopping mechanism for proton conduction, even at minimal

water contents.

To further investigate the conductivity, self-diffusion coefficients of water and the hydronium ions
(H30") in the PFIA membranes were computed theoretically and compared to diffusion coefficients
determined from pulse-field gradient spin echo NMR (see Figure S13). The diffusion coefficients
calculated from the mean squared displacements (MSD) of all water and hydronium hydrogens in the
NVE ensemble demonstrated good agreement with experiments for the hydrated PFIA (95% RH, A =
20). The calculated diffusion coefficients for the hydrated PFIA (95% RH, A =20) demonstrated excellent
agreement with experiments with an Arrhenius-type temperature dependence. This agrees with the ab-
inito MD studies by Clark and Paddison® showing that the first proton dissociation occurs in PFIA at a
lower A (than that in PFSA), due in part to the direct hydrogen bonding between the acid groups. In such
a scenario, one would not only expect higher water content (A) at the same RH and higher conductivity
at the same A, but also a change in the shape of the conductivity-RH (or k-A) curve (see Figure 11). As
more water is added to the ionomer, such transitions become similar for the different side chains as
conduction is now more hydration dependent, where the protons are more dissociated and transport

occurs in the further hydration shells in agreement with the MD simulations. As the polymers enter a
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very dry state, however, this movement is arrested and the protons become more tightly bound to the first
hydration shell, resulting in similar conductivity for PFSA vs. PFIA. It is noteworthy that the PFIA side
chain moiety and structure plays a critical role in pushing/keeping the hopping-type transport down to
lower humidities. An important consideration while comparing experimental diffusion coefficients of
wet PFIA and PFSA membranes is that since experimentally there is no distinction between the excess
protons and the hydrogens belonging to the water molecules, the final measured value is expected to be
similar to the diffusion coefficient of water in these systems at least at very high water contents. Using
MD, we distinguish the hydronium ions from water, which enables comparison of diffusion processes
from nonreactive simulations, as shown in Figure S14. Compared to the PFSA, the diffusion coefficient
is higher in the PFIA for both water and hydronium, although the latter increases more as the hydration
level is increased, regardless of temperature, which indicates a higher contribution to proton diffusion

from charge exchange processes between different coordination sites in the PFIA membrane.®?

CONDUCTION MECHANISMS AS DETERMINED BY BES

The above discussion details the PFIA macroscopic conductivity, Figure 11, as a function of hydration
and how it can be related to its hydrated nanostructure. However, to explore the conduction mechanism
in more detail and demonstrate definitive structure/function interplay, the electric response and relaxation
events of the PFSA and PFIA membranes in both wet and dry conditions are investigated and compared
by Broadband Electric Spectroscopy (BES) in the range of =140 to 150 °C and 0.03 to 10’ Hz. It should
be noted, as discussed above, the two PFIA acid moieties, i.e., the terminal sulfonic acid group and the
sulfonimide group in the middle of the side chains (Figure 1b), are not expected to be equally dissociated.
From the conductivity and characterization analysis above, it appears that the super acid R-SO3H terminal

group dissociates first and inhibits the dissociation of the sulfonamide group in PFIA membrane due to

40



the inter-side chain interactions. In the interest of brevity, the most important points of the data set are

espoused below; additional important data and thorough discussion are in the SI.
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Figure 12. Contour plot of tand for PFSA (a, b) and PFIA (c, d) membranes in dry (a, c) and wet (liquid)

(b, d) conditions.

From the BES, the tand = ¢”’/¢’ surface represented as a contour plot (Figure 12) is particularly useful in
identifying the relaxation events present in the PFSA and the PFIA membranes and the effect of the
thermal transitions on the electrical response of the materials.>> In dry and wet PFSA and PFIA, tand
(Figure 12) shows:

1) for the dry PFIA, three dielectric relaxations (o, B1 and B2) and five polarization events, both

electrode polarization (EP) and interdomain polarization (IP) (orp and o, with 1 <1<4). At T

41



< -50 °C, a is split to a1 and ap. For the dry PFSA two dielectric relaxations (o, B) and two
polarization phenomena (cep and oip,1) are observed,

2) for the wet PFIA, two dielectric relaxations (1 and B2) and seven polarization events (cgp and
op,i with 1 <1<6). For wet PFSA, three dielectric relaxations (o, 1 and 32) and five polarization
phenomena (cep and oip; with 1 <1< 4).

3) the dry PFSA presents only one IP which in wet conditions is split into 4 IPs, while b) the dry

PFIA presents 4 IPs which in wet conditions are split into 6 IPs.

The ogp is assigned to the electrode polarization, which is due to an accumulation of charge at the

membrane/electrode interface,>-3°

while op; is associated with an interdomain polarization
phenomenon®>-3¢ due to the presence of inhomogeneities within the bulk material, which correspond to
the accumulation of charge at interfaces between domains with different permittivity. These results
confirm the structural and spectroscopic results discussed above. Indeed, the hydrophobic domains of
the PFSA consist mostly of a blend of 103 and 157 conformational chains, and the hydrophilic domains
are composed of a very simple side chain. A more complicated situation is expected for PFIA, where
different types of side chain rearrangements are possible (see Scheme 1) owing to both the intra and
inter-side chain interactions, and there are three types of conformational geometries for the perfluorinated
chains (103, 21 and 157) in the hydrophobic domains. These structural scenarios easily account for the

increase in the number of IPs from 1 to 4 (PFSA) and from 4 to 6 (PFIA) in the dry and wet membranes,

respectively.

The dry PFSA and PFIA present 2 (o and ) and 3 (o, B1 and B2) dielectric relaxations (see Figure 12a

Sa, 6a, 20, 22, 41, 52e ;

and Figure 12¢). a, in accordance with other studies, is assigned to the diffusion processes

of conformational states along the perfluorinated backbone chains (segmental motions). This mode at T
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< =50 °C for the PFIA is split into a doublet, thus indicating that two different ordered PTFE domains
are present at low temperatures in the PFIA. This evidence is consistent with the vibrational and X-ray
studies described above,’!® 32%° which showed that in the PFIA at low temperature the PTFE chains tend
to reorganize into hydrophobic crystalline domains with the polymer backbone chains in both the 103
and 2; helical conformations (see Table 1). At T > 10°C, o and o, merge together forming the o
relaxation. This indicates that the segmental motions of the perfluorinated backbone chains, with
different conformations, become indistinguishable. The PFSA [ relaxation is attributed to the fluctuation
of the dipole moment of the side groups. In dry PFSI, two B-relaxations are detected: $1 and 2. B1, which
occurs at low frequencies and is the most hindered dipole moment fluctuation, is attributed to the dipole
fluctuations of straight side chains (B interaction of Scheme 1). 32 is associated to the relaxation mode
of dipole moment of the curved side chains (see A model of Scheme 1), as expected the intra-chain
interactions are weaker with respect to inter-side chain interactions. Thus, the rate of relaxation of B is
higher than that of 1. In wet conditions, the presence of water modulates the structural reorganization of
the side chains, thus affecting the distribution of the 103 or 157 backbone conformations. Thus, water
triggers a distribution of PTFE backbone chain conformations in the hydrophobic domains increasing
the number of the different PTFE hydrophobic domains in terms of their size and helical blend
composition giving rise to different hydrophobic domains that split the IPs into 4 and 6 different events
for the PFSA and PFIA, respectively. To examine this in more detail, the profiles of the real and
imaginary components of the permittivity (¢’(®)) vs. frequency of the membranes are investigated (see
Figure S15 and Figure S16). The results demonstrate that in the PFSA, the undissociated short side chains
contribute less to the interdomain and electrode polarization phenomena; and in the PFIA, the presence
of two groups with different dissociation constants allows the stronger R-SO3H group to interact by
means of intra- or inter-side chain interactions with the less strong sulfonimide group dissociating trace

amounts of protons, which are thus delocalized and accumulate at the interfaces between domains of
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differing permittivity. Such findings are in agreement with the thermal, X-ray and vibrational studies
discussed above, confirming the presence of a significant fraction of PTFE lamellar backbone chains
with the 21 conformational geometry in the PFIA, which increases the concentration of the hydrophobic
domains with small sizes (and the larger domains with increased electron density), thus increasing the
water uptake and reducing the size of water clusters. Thus, the water clusters embedded in the hydrophilic
domains of the PFIA are smaller and better distributed with respect to those of the PFSA despite the
water uptake of the latter membrane being lower. Figure 13 shows the spectra of the real component of
the conductivity (o’(®)) (for the sake of completeness -¢”’(w) is shown in Figure S17). It is observed
that, in the dry membranes, the plateaus that correspond to the polarization events are correlated to the
conductivity values of the charge migration pathways associated to these phenomena in PFSA,!% 3556
which are at least two orders of magnitude lower than that of the PFIA, in agreement with highly localized
proton dissociation in dry PFIA (see Scheme 1). With respect to the PFSA, the relaxation rate of the
PFIA from the EP behavior is shifted to high frequencies despite the plateau exhibiting conductivity
values of the same order of magnitude. This proves that the concentration of charge carriers in the
hydrophilic domains is the same in both membranes, but, the mobility of the protons in the PFIA is higher
than that of the PFSA. This phenomenon can also be associated with the presence in the PFIA of a higher
density of functional groups able to exchange protons, that include both the —-SO3™ and imide acids. Such
groups can more easily form diffusion pathways where protons can migrate easily without the need to
move deep into the hydrophilic domains, in accordance with the interpretation provided by Savage et
al’” Thus, in the PFIA, the intra- and inter-side chain interactions act to reduce the size of the water

domains and increase the proton delocalization, thereby improving the effective proton mobility.
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Figure 13. 2D of real component of conductivity (c’(®)) for PFSA (a, b) and PFIA (c, d) membranes in

dry (a, ¢) and wet (b, d) conditions.

To study the relaxation events in detail characterizing the electric response of the PFSA and PFIA
membranes and to elucidate their conductivity mechanism, the conductivity values and relaxation times
attributed to the polarization phenomena and the dielectric strengths and relaxation times of dielectric

modes are determined by fitting simultaneously all of the experimental profiles of &’(®), o’(®) and

tand(o) using:>¢

s,y — (90 3 o)(iwr))"T 4 Agy,
& ((l)) - l (weo) + Z]:l iw£0[1+(iw‘tj)yf] + k=1 [1+(ink)ak]bk + €0 (3)
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where oo is the background conductivity, € is the permittivity of the vacuum, oj and t; are the
conductivity and relaxation time associated with the j polarization event, while y;j is its shape parameter
that describes the broadness of the j peak. o= 2nf'is the angular frequency of the electric field. 1k is the
relaxation time (tx = 1/(2mfi), with f; is the frequency of the k-th dielectric relaxation events) of the A™
event of dielectric strength Agx, and ax and by are the symmetric and asymmetric shape parameters of the
k-th dielectric relaxation mode. The last term corresponds to the instantaneous permittivity, €» =
lime—we’(®). Figure 14 shows the conductivity values as a function of inverse temperature. The effect of
temperature on the ratio of conductivity ¢1and dielectric strengths is reported on Figure S18 and Figure
S19, respectively. From Figure 14 it is possible to observe the presence of a maximum of: a) four regions
(I, I, I and IV) in the dry membranes, which are delimited by their thermal transitions; and b) five
regions (I - V) in the wet samples, delimited by the melting point of water, Tr, (0°C), and the temperatures
of —100, —50 and 60°C. The dry PFSA membrane in all regions (I and II) shows an overall conductivity,
or = Ogp + X3 orp; (see Figure 14b and S17b), which is mostly associated to that of the electrode
polarization event (ot =~ orp and ¢rp = Gep/oT =~ 1 in Figure S18). In this case, the dependence of Gep on
1/T shows a Vogel-Tamman-Fulcher (VTF)*® dependence that indicates that the ogp is facilitated by the
dynamics of the polymer backbone chains, the segmental motions associated with the a relaxation. The
dry PFIA shows a very different scenario (see Figure 14a and Figure S18a); in the regions I and II, ot =

o, (Figure 14c) and ¢wp,1 = op,1/or = 1 (Figure S18).
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Figure 14. Conductivity o; (ci = Gep, op,y With 1 = 1 to 6) values vs the inverse of temperature for PFIA
(a) and PFSA (b) in dry and wet conditions. o;vs 1/T curves of dry and wet are fitted by Arrhenius-like
or VTF-like behavior, respectively. In ¢) and d) the total conductivity (67 = ogp +3%_; ;p;) for dry and

wet of PFIA and PFSA, respectively, are reported.

These findings indicate that in these latter regions, the overall conductivity (which for the PFIA is higher
than that of the PFSA) is due to long-range proton-migration events occurring at the interfaces between
domains with different permittivity mediated by the segmental motions of the backbone chains. Indeed,
in this case, the segmental motions of the PTFE chains are likely highly coupled with the dynamics of
the interacting side chains. In this case, a VTF dependence of orp is observed and a significant proton

delocalization at the interfaces between hydrophobic and hydrophilic domains is expected. In regions II
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and II1, the analysis of Figure 14a and Figure S17a indicates that both crp and Gip,1 are contributing (with
dep =~ ¢p,1 = 0.5) to the overall conductivity of the material (o1~ oep+ oip,1). This suggests that after 40
°C the segmental motions of the polymer chains (o) is decoupled from the [ relaxation of the side chains
and that both of these relaxation mechanisms are involved in distinct long-range charge-migration
processes that exhibit VTF behavior. The comparison of Figure 14c and Figure 14d indicates that the
proton delocalization and mobility in the PFIA dry membrane is higher than those in the dry PFSA
material. Compared to the dry materials, in the wet membranes the i conductivities increase by at least
4 orders of magnitude in agreement with Figure 11, thereby indicating that water clusters embedded in
the bulk membranes dissociate the acid groups as discussed above. For the wet PFSA, a sharper
dispersion in the distribution of the hydrophobic domains is observed, which probably reduces the
number of IP conductivity pathways. In regions I, II, and III, the IPs show conductivity values that are
smaller than those of orp (see Figure 14b). This is clearly proven by the behavior of ¢ep = 1 vs. 1/T shown
in Figure S18, which demonstrate that at T < 0°C the overall conductivity of PFSA is dominated by the
oep conductivity (o1 = Gep). At T = Ty = 0°C (see Figure 14b and Figure 14d), a steep increase of the
conductivity of two orders of magnitude is observed, that confirms that the clusters of the water domains
in PFSA are larger than those in the PFIA. In region IV (0 < T < To = 50°C), the overall conductivity is
the superposition of both orp and o3 (Figure 14b and S18d), thereby indicating that these latter two
conductivity pathways both contribute to the overall conductivity in this region.

The wet PFIA shows a behavior that is opposite to that of the PFSA. Indeed, a careful analysis of Figure
14a and Figure 14c clearly reveals that in the wet PFIA in regions I, II and III, the overall conductivity
is dominated by o1 (o1 = oip,1), whereas at higher temperatures (IV and V), the conductivity is
associated with the orp (61~ ogp). This effect is more evident at T < 0°C (I, II and III regions), where

the inhibition of the dynamics of the water molecules in hydrophilic domains amplifies the effect of the
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side chain interactions, membrane structural features, and polymer matrix relaxations on the conduction
pathways. Indeed, it is observed that at T <0 °C, PFIA conductivity is due to a better delocalized proton
and more flexible side chains with smaller water clusters than in PFSA, where the water clusters are
larger and the side chain dynamics is significantly inhibited. Finally, the examination of the dependence
of the relaxation frequencies on reciprocal temperature (see Figure S20 and discussion) demonstrates
that in the PFIA the segmental motion of the perfluorinated backbone chains and the local fluctuation
dynamics of side chains are facilitated and more mobile than those in PFSA, which is again attributed to
the different distributions of the helical conformations in the hydrophobic domains. To clarify how the
dielectric relaxations, which characterize the host ionomer, are involved in each of the different
conductivity pathways, the c;ivs. 1/T curves in all the regions of Figure 14(a-b) and f; vs. 1/T profiles in
Figure S20 that show VTF behavior are fit to determine the activation energies. The correlation plot
shown in Figure 15 allows the comparison of the pseudo-activation energy values of the conduction
pathways (determined on o; vs. 1/T profiles) with Ea; values of the dielectric relaxations (determined on
fi vs. 1/T profiles) for both the dry (Figure 15a and 15c) and wet (Figure 15b and 15d) membranes,
respectively. Figure 15a shows that, in dry conditions, the activation energy of the 3 relaxation coincides
with that of ogp in both the I and II regions. In I, Ea(oep) = 10 kJ/mole = Ea(p) while in II Ea(cEp) = Ea(B)
~ 30 kJ/mole. This indicates that in the dry PFSA, in all temperature ranges examined, the overall
conductivity corresponding to ogp is modulated by the local fluctuation of the R-SO3H side groups. This

a

latter relaxation, as previously shown,>® is strongly coupled with the segmental motions of the

perfluorinated backbone chains.
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The compared values are determined by fitting the data of Figure S20 with an Arrhenius or VTF equation.

For the dry PFIA, a different scenario is revealed. Indeed, in regions I and II, the E, of the 1 and B2
relaxations (Figure 15¢) are of the same order of magnitude as cip,1, which, in these regions, is governing
the overall conductivity of the membrane (o1 = oip,1). However, at T > 40 °C (regions III and IV), the
Eu(okp) is of the same order of magnitude as Ei(a). This demonstrates that in regions III and IV the
overall conductivity ot = orp + Gip,1 1s modulated mainly by the segmental motion of the perfluorinated

backbone chains. In the wet membranes (Figure 15b and d), it is observed that for PFSA in all the
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investigated temperature regions Ea(crp) = Ea(B1) = Ea(B2) = Ea(a). Instead, for PFIA, at T <0 °C (I, I
and III regions), Ea(cip,1) = Ea(B2) and T > 0 °C (IV and V regions) Ea(cep) = Ea(B2). These results allow
us to summarize that in dry conditions the overall conductivity of the PFSA and PFIA at T <40 °C are
different. In the PFSA o coincides with ogp, while in PFIA ot corresponds to cip,1. In the PFSA, okp is
modulated by the B and a relaxations, while oip,1 of the PFIA by the 31 and 2 modes. At T > 40 °C, ot
~ orp for both PFSA and PFIA. okp in the PFSA is correlated to the dielectric relaxations in the order 3
>> a, while in PFIA it is directly related to the a relaxation. In wet conditions, for PFSA, ot = op in all
of the explored temperature regions and cep is significantly modulated by both the a and i and B2
relaxations. For PFIA, at T <0 °C, o1 = o1p,1 and cip,1 is modulated by the (2, the relaxation event of the
side chains characterized by the inter-side chain interactions. At T > 0 °C, ot = ok, i.e., in Ggp pathway
[2 relaxation plays a crucial role in long range charge migration events. Finally, further insights can be
obtained by correlating the diffusion coefficient>® associated to each ;i to the frequency of each relaxation
mode (a, a, o, B, 1 and B2) for both the dry and wet PFSA and PFIA membranes (See Figure S21).
From this analysis, it is confirmed that the dielectric relaxations discussed above play a crucial role in

modulating the conductivity pathways revealed in each temperature region and for both the dry and wet

PFSA and PFIA membranes. Using these values, one can also calculate the average migration distance,

<r;>, for the various polarization phenomena?? 43 33

as shown in Figure 16. The figure shows that as the
temperature increases, <ri> values of conduction pathways of both dry and wet PFSA and PFIA rises.

This evidence proves that the charge-migration processes in all of the revealed conduction pathways of

materials are thermally stimulated phenomena.
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In accordance with results reported elsewhere,3® 2%

oep conductivity pathways occur owing to the
exchange of protons between delocalization bodies (DBs). The DB concept was recently proposed for
other perfluorinated membranes.*!>* A DB is a volume of the material, which includes both a hydrophilic
and a hydrophobic component. In a DB, the migrating proton with respect to the timescale of conductivity
is exchanged so fast between coordination sites so as to be considered delocalized. The oip,1 conductivity

pathways takes place at the interfaces between domains with different permittivity as follows: i) in the

wet membrane, there is a percolation pathway where the proton is exchanged between [H'(H20)n]
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clusters neutralizing the anionic charge of the side chains; and ii) in the dry membrane, there is a
percolation pathway formed by simple proton-exchange processes between interacting sites located in
neighboring polar side chains.?> Our results allude to the role of multi-acid side chain in effectively
reducing EW and underscores the role of polymer dynamics in ion transport, in addition to the water

dynamics, especially at low hydration levels.

CONCLUSIONS

A double-acid functionalized PFIA polymer was fully investigated and compared with its single-acid
functionalized PFSA analogue. The initial design of this polymer was to utilize the mechanical strength
of the more crystalline PTFE backbone of the single-acid functionalized PFSA by simply adding a second
dissociable protogenic group to the side chain to increase charge carriers without compromising
mechanical integrity. However, the real situation is much more complex. The PFIA exhibits both intra-
and inter-side chain interactions that manifest themselves in the onset of the thermal decomposition of
the polymer being lower than of the PFSA analogue. This is confirmed in the IR where the v(S-OH) and
other bands are split into two bands. From the MD studies it is shown that 60% of the side chains are
curved forming intra-chain rings, while the remaining 40% maintain their linear extended structure
interacting with the neighboring side chains. Both the WAXS and IR indicate that the side chains
modulate the polymer backbone to become more organized, crystalline, with distinct interactions
between chains confirmed. The SAXS shows a transition at 60 °C and an almost invariant hydrophilic
domain size in the PFIA. The proton conductivity of the PFIA is higher than that of the PFSA analogue
only at intermediate RHs, at all temperatures studied. From NMR PFGSE measurements and the MD
calculations it appears that the charge migration mechanism mediated by proton exchange processes

between coordination sites at the hydrophobic-hydrophilic interfaces predominates in the PFIA material.
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While the structure and conductivity of PFIA and PFSA becomes comparable in fully-hydrated state,
their nanostructure and proton dissociation and transfer differ at low hydration levels, where PFIA
exhibits better performance, owing to its less disordered structure and increased segmental dynamics of
polymer chains facilitated by the presence of imide-group. The change in the character of the side chain
from the PFSA to the PFIA increases the fraction of 103 and 2; crystalline domains and decreases the
abundance of the 157 amorphous domain in the polymer backbone. The PFIA absorbs more water
molecules (A) than the PFSA at low RH conditions, which is retained over the entire RH regime. The
PFIA is likely to have an additional water molecule even in the dry state, which could be attributed to
the primary solvation of the second protogenic group. At high RH, the proton conductivities of the PFSA
and PFIA are surprisingly similar. The PFIA clearly has much higher proton conductivity than the PFSA
at lower RH and higher temperatures. This indicates that the nanostructure and transport enabled by the
longer side chains in the material is more important to the overall proton conductivity than the addition
of a second proton and the increase in the IEC. If both protons were fully available for transport and the
mechanism remained unchanged, then the PFIA would be expected to have almost 1.5 times the
conductivity at 100% RH, but it clearly does not. In dry conditions, the PFSA exhibits one a and one 3
relaxation, while the PFIA exhibits two a-relaxations (o1 and o) and two B events (B1 and 2). The
results indicate that in the PFIA the segmental motion of the perfluorinated backbone chains and the local
fluctuation dynamics of the side chains are facilitated by this. In addition, it is to be remarked that in the
dry state, the PFIA side chains, which are involved in intra-side chain interactions, exhibit a larger
relaxation rate. Thus, the local fluctuations of these side chains are significantly facilitated. This is

perfectly in agreement with the results of the thermal, X-Ray, and vibrational studies. In detail:
a) in dry PFSA, the conductivity occurs in all the investigated temperature ranges by exchange of
the proton between DBs in all the temperature ranges investigated. In this case, the delocalization

of the proton between DBs requires the coupling between the a and B relaxations of the host
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b)

matrix. Also, <rgp> region I (T < -50 °C) are below 2 A, thereby indicating that the proton is
exchanged between interacting neighboring R-SO3H acid sites. For region II (T > -50°C), <rgp>
increases up to 20 A, thus indicating that thermal stimulation facilitates the delocalization of the
protons forming very small DBs with sizes increasing with T. These results are in accordance
with the WAXS results and suggest that these DBs are present at the interfaces of lamellar
crystalline domains with the perfluorinated backbone chains in a 21 helical conformation as
discussed above. In this case, the distance between the interacting acid side chains is of the order
of 2 nm and the delocalization of the proton in the DBs results in possible migration distances of
the order of 20 A.

indry PFIA, at T <40 °C, the conductivity occurs by a hopping processes between the polar side
chains and these processes are modulated by the B and a relaxations. Also, <rip,1> increases on T
from ca. 2 A up to ca. 40 A and in region III, <rgp> ranges from ca. 20 to ca. 40 A and is
overlapped with <rjp1>. These results are in accordance with the nanostructural data, thereby
confirming that crystalline domains with 103 and 2; helical conformations are crucial for
promoting the long-range charge-migration events in dry conditions. For T > 40 °C, <rgp>
presents an average value of ca. 36 A which confirms, in accordance with other studies,> that the
d-spacing of the ionomer peak in SAXS coincides with the average <rgp> at high temperature.
Furthermore, at T > 40°C, the long-range charge migration in PFIA occurs owing to the H"
exchange phenomena between DBs and these events are triggered by the a-relaxation modes of
the perfluorinated backbone chains.

In the wet PFSA, in all of the explored temperature range, the migration of H™ occurs by
exchanges between DBs and these phenomenon are modulated by the dielectric relaxation events
of host matrix in the order o > B1 > B2. The regions present an average value of ca. 20 A, while
at T >0 °C (IV and V regions) it exhibits a value approximately of 30 A. Also in this case, the
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hydrated structural data are in accordance with the average migration distances indicating that the
expected size of the DBs are of the same order of magnitude of the structural periodicities
determined by scattering analysis (see Figure 7).

d) For the wet PFIA, at T <0 °C the conductivity occurs by exchange events of the proton between
clusters of acid water [H"(H2O)a], neutralizing the negative charge delocalized in the flexible side
chains of the polymer located at the interfaces between the domains with different permittivity.
This phenomenon occurs efficiently when hydrophobic domains of PFIA consists of
perfluorinated backbone chains with 2; conformational geometries are close-packed to form
lamellas with small sizes, where <rgp> is ca. 7 A. As expected, this migration process is
modulated by the B2 relaxation. For T > 0 °C, <rgp> rises from ca. 10 to ca. 38 A (in agreement
with Figure 6) and the long-range proton-migration events occur owing to charge-exchange
phenomena between DBs whose size is reflecting the d-spacing. In this case, the DBs include
small clusters of acid water solvating the side chains involved in intra- and inter-side chain
interactions. These migration phenomena are significantly promoted by the [ relaxation, i.e., by

the local fluctuation of dipole moment of side chains with intra-side chain interactions.
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