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ABSTRACT: Unraveling ion conduction limitations in
nanothin ionomer films is crucial for designing efficient
ionomer—catalyst interfaces and improving redox efficiency in
electrochemical devices. This work took a multifaceted
approach to understand local proton conduction environ-
ments in sub-um thick films of three fluorocarbon-based
ionomers, Nafion, 3M PFSA and 3M PFIA with IEC ~ 0.91,
121, and 1.61 mequiv/g, respectively. After incorporating
fluorescent photoacid probe pyranine (HPTS) into films, the
extent of proton conduction (I4/I,), local proton concen-
tration, pH, and ionic domain size (diy) were predicted by
monitoring the ratio of fluorescence intensity of deprotonated
(Iy) to that of the protonated (Ip) state of HPTS. I4/I,
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Not the water uptake, but the size of the water domains matters!

decreased with film thickness and followed the trend: 3M PFIA > 3M PFSA > Nafion. A higher water uptake did not necessarily
lead to higher I3/, indicating that other factors than water uptake control proton conduction under confinement. Size of the
ionic domains (dy), measured independently using in-plane reflection small-angle X-ray scattering and fluorescence
spectroscopy, followed the same trend as I4/I,. As the RH and film thickness decreased, di; became smaller. The close match of

P

diq obtained from both techniques supported the reliability of information confered by fluorescence spectroscopy about key
controlling parameters of the local proton conduction environment. The highest I3/, of 3M PFIA films was attributed to its
flexible, multiacidic side chain that helped to form larger ionic domains with better phase segregation. Conversely, smaller,
extremely acidic and poorly phase segregated ionic domains with highly confined water molecules led to lower I;/I, in Nafion

films, despite high water uptake.

B INTRODUCTION

The behavior of polymers in sub-um thick films can be
drastically different from that in bulk membrane format
(several tens of um thick). Polymer chains experience
confinement within films when the film thickness approaches
the radius of gyration of free polymer chains.'™ The polymer
chain entrapment as well as complex interfacial interactions
(among water, polymer, and substrate) impacts the rheol-
ogy'™® and diffusion coefficient of both water and polymer
chains’™"? in hydrated thin films. These can make the water-
mediated ion conduction very difficult in thin films of ion
conducting polymer (ionomer),">™"" critical for energy
technologies. Factors, such as chemical structure of ion-
omers' "7 jonomer film thickness,"”">"*™*" film casting
method,'®"®***® pretreatment procedure,””**~*" and nature
of the substrate,”* can lead to substantial changes in
nanostructure,'>*>** water uptake,'®*> water—ionomer dis-
tribution,”®'”*"** mechanical properties,"*** and ion con-
duction properties'*'%>****! of sub-um thick ionomer films.
Since ion conduction under nanoconfinement is a complex
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outcome of multiple phenomena, we need deeper insights into
the local hydration and ion conduction environment within
sub-um thick, supported ionomer films to better understand
ion conduction at nanothin (~2—30 nm thick) ionomer—
catalyst interfaces. Such work can help to set design rules for
next-generation ionomer-based catalyst binders for energy
conversion and storage devices (such as proton exchange
membrane fuel cells, electrolyzers, and redox flow batteries).
Nafion, the current state-of-the-art fuel cell ionomer, consists
of a fluorocarbon-based backbone with primary and secondary
side chains (Figure 1, left). The perfluorosulfonic acid groups
at the end of primary side chains dissociate to give counterions
(H*) and are responsible for proton conduction. Nafion
efficiently conducts protons (~50—100 mS/cm)**** in bulk
membranes (~25—50 um thick) due to efficient phase
separation and formation of wide and interconnected ion
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Figure 1. Chemical structures of Nafion, 3M PFSA, and 3M PFIA.
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channels (~4 nm) within the membrane.”**> However, the
proton conductivity of Nafion in sub-um thick films is low">'*
(~3.8 mS/cm for 10 nm thick annealed, self-assembled film™°).
The significantly higher activation energy of proton conduction
was reported for a 50 nm thick self-assembled Nafion film as
compared to a SO um thick bulk Nafion membrane®*
supporting limited proton conduction in sub-ym thick Nafion
films. The interfacial attractive interactions (such as hydrogen
bonding among water, ionomer, and substrate) 'S became more
pronounced in supported, Nafion thin films and led to a
nonhomogeneous distribution of water across the films (e.g.,
segregation near substrate interface),”*”*" and hydration
induced film stiffening.'®'”? These interfacial interactions and
film stiffening limited the water and proton mobility as the
ionomer films became thinner. Also, the slow proton transport
dynamics®”* was associated with low rotational mobility*'
and slow orientation relaxation dynamics of water*” since
efficient proton hopping requires water molecules to
continuously rotate, break, and form hydrogen bonds with
neighboring water molecules. Moreover, distinctly different
phase separation and ionic domain size were predicted for bulk
membrane and thin films of Nafion.>** Under thin film
confinement, the spontaneous self-assembly of ionomers was
restricted resulting in small ionic domains™ with a higher
degree of phase mixing.”” In addition, low pH, very high
proton concentration in such small ionic domains shifted the
proton transport dynamics backward making a dominant
population of the protonated form of the sulfonic acid groups
of the ionomer chains.">** These thin film studies, however,
focused mostly on Nafion,'*'>'®* with a little on S-Radel,'”**
and a few other ionomers.”””’

In order to achieve proton conductivity and durability
superior to Nafion, a number of fluorocarbon™ and hydro-
carbon**™** based new ionomer design efforts have been
made. The current work focused on understanding the local
hydration/proton conduction environment and its connection
with water uptake, ionic domain characteristics and morphol-
ogy of three fluorocarbon-based, potential fuel cell ionomers,
Nafion (Figure 1, left), 3M PESA*"**° (Figure 1, middle),
and 3M PFIA (Figure 1, right). 3M PFSA and 3M PFIA were
chosen for this study as bulk membranes (~25 ym thick) of
both 3M PFSA and 3M PFIA showed proton conductivity
better than Nafion.'”*”*" While all three ionomers have a
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fluorocarbon-based backbone, their side-chain chemistries are
different. 3M PFSA has fluorocarbon-based primary side chains
having a perfluoroether group and one perfluorosulfonic acid
(—CF,SO;H) group per side chain. On the other hand, Nafion
has both primary and secondary side chains, 2 perfluoroether
groups, and, one perfluorosulfonic acid (—CF,SO;H) group
per side chain. While Nafion and 3M PESA have a single acid
group (—CF,SO;H) per side chain, 3M PFIA has multiple acid
groups per side chain: a highly protogenic perfluorobis-
(sulfonyl) imide (R-SO,—NH—SO,—R;) group, in addition
to perfluorosulfonic acid (—CF,SO;H). The strong electron-
withdrawing nature of the neighboring —CF,- groups, as well
as sulfone (—SO,—) groups of bis(sulfonyl) imide (—SO,—
NH-SO,—) moieties make the proton dissociation from
—NH- facile and the polymer PFIA extremely acidic.****?
Moreover, the presence of multiple acid groups per side chain
helped 3M PFIA to achieve high ion exchange capacity (IEC =
milliequivalent of acid group/g of polymer).*** In the bulk
membrane format (~25 um thick), both 3M PFSA and 3M
PFIA exhibited proton conductivity better than Nafion.

In this work, we leveraged a fluorescent photoacid probe,
HPTS that fluorescently responded to local hydration
environment when incorporated within sub-um thick (~20—
470 nm thick) films of Nafion (EW ~ 1100, IEC = 0.909
mequiv/g), 3M PFSA (EW ~ 825, IEC = 1.21 mequiv/g), and
3M PFIA (EW ~ 620, IEC = 1.61 mequiv/g) exposed to air
with certain relative humidity (RH). Fluorescent dyes have
been found effective to reveal the glass transition, ”®>>°¢>
water sorption and diffusivity,'>*”*® aging®**** or structural
relaxation,”’ polymer—substrate interaction,'*’ proton con-
duction,”> and mechanical behavior'®'”*® within confined
systems. Many critical parameters of proton conduction
environment, such as the extent of proton conduction,ls’é1
proton transport dynamics,""'****" and water orientational
relaxation dynamics*” have been investigated by incorporating
photoacid probes within polymeric, "'>'****>¢! " reverse
micelle,""'**?*%* and biological®*®® systems. The extent of
proton conduction in these systems is represented by the term
deprotonation ratio (I4/I,) of a photoacid probe, 8-
hydroxypyrene-1,3,6 trisulfonic acid sodium salt or pyranine
(HPTS, see Figure 2 for working principle).

When the deprotonation ratio®' (Id/IP) and quantitative
values of proton conductivity”® (¢) at similar hydration
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Figure 2. Working principle of photoacid probe HPTS. The dye stays
protonated (R—OH) at the dry state or in a poorly proton-conducting
environment. The protonated state of HPTS gives blue fluorescence
with an emission peak at a wavelength (1) of ~425—450 nm (denoted
by ). On the other hand, HPTS, just like any ionomer, donates its
phenolic proton (R—-OH — R—O~ + H') if the surrounding
hydration environment is favorable to accept and conduct proton
from its generation site.'®' The deprotonated state emission of
HPTS is denoted by Iy and emits green fluorescence (4 ~ 510 nm).
The deprotonation ratio (Id/Ip) is considered as the extent of proton
transfer which offers information complementary to the quantitative
value of proton conductivity (o).

numbers (4,) were plotted for bulk Nafion membrane, an
almost linear trend was seen (Figure S1). I;/I, and & thus offer
complementary information. The added advantage of using
HPTS is that the dye helps to extract some of the critical
information (in addition to Id/IP) about the local hydration
environment, such as pH, local proton concentration, and ionic
domain size which work together to give rise to certain
quantitative values of proton conductivity (o) (reported often
using electrochemical impedance spectroscopy). Dishari and
Hickner showed earlier that thin films of Nafion experience a
lower extent of proton transfer (Id/Ip) as compared to bulk
Nafion membrane.'> Moreover, HPTS was able to distinguish
between the proton conduction behavior in nanoscopic
water'® and bulk water*” in Nafion thin films'® and
membranes,”” respectively.

In this work, the extent of proton conduction (Id/IP) of
HPTS incorporated in sub-um thick films of 3M PFIA, 3M
PESA, and Nafion as a function of film thickness, and relative
humidity was studied. We predicted the diameter of ionic
domains (d,y) within ionomer films by comparing the
deprotonation ratio (Id/IP) of ionomer films to that of AOT
reverse micelle systems with the known size of nanoscopic
water core. The values of d4 for the three ionomers at the
varied thickness and relative humidity were further verified
using another independent technique, in-plane reflection small-
angle X-ray scattering (RSAXS). RSAXS revealed the ionic
domain spacing (d-spacing = 27/¢,, .y where g, correspond-
ing to the ionic domain spans between 1.5 and 3.5 nm™'). In
addition, a subsequent least-squares fit of the ionic domain
peaks using in Nanosolver®”*® (a built-in software of Rigaku
Smartlab Diffractometer) gave the average size of ionic
domains (diy) in all jonomer films at dry and humid
conditions, where the experimentally calculated d-spacing for
a film was used as an input parameter. By analyzing the
nanoscale morphology (of the dry ionomer films using bright-
field transmission electron microscopy), water uptake (A,

quartz crystal microbalance), pH (fluorescence), proton
concentration (fluorescence), and ionic domain size (fluo-
rescence, RSAXS) within ionomer films, we rationalized the
observed extent of proton conduction (Id/Ip) in sub-pm thick
ionomer films, and evaluated the most important parameters
impacting the proton conduction under nanoconfinement. For
all the measurements, we used a consistent film preparation
technique (films were spin-coated on the native oxide of SiO,
(n- SiO,) based substrates and annealed) to more accurately
correlate the thin film ionomer properties. Also please note
that the term “extent of proton conduction” was used
throughout this paper to indicate the values of I/, and
distinguish from the quantitative values of proton conductivity
(6), measured typically using electrochemical impedance
spectroscopy.

B EXPERIMENTAL SECTION

Materials. HPTS dye was purchased from Fisher Scientific
(Somerville, NJ). A 20 wt % Nafion solution (EW ~ 1100, IEC
0.909 mequiv/g) was purchased from Sigma-Aldrich (Milwau-
kee, WI). 3M PFIA (EW ~ 620, IEC 1.61 mequiv/g) and 3M
PFSA (EW ~ 825, IEC 1.21 mequiv/g) ionomer powders were
generously provided by 3M Inc. (St. Paul, MN). Ethanol and
acetone were purchased from Fisher Scientific (Hampton,
NH). Silicon wafers coated with native silicon dioxide (n-SiO,
wafers) were purchased from Wafer Pro (San Jose, CA), and
0.2 um syringe filters were purchased from VWR (Radnor,
PA).

Thin Film Preparation. A 20 wt % Nafion solution was
diluted with ethanol from 10 wt % to 0.5 wt % to yield 470 to
20 nm thick films. 3M PFIA and 3M PFSA ionomer powders
were dissolved into pure ethanol and ethanol/water (3:1)
mixture, respectively followed by filtration with 0.2 ym syringe
filters to prepare ionomer solutions at certain wt % to yield
films with a thickness similar to Nafion films. A stock solution
of HPTS in DI water was then added into these polymers
solutions to yield a final dye concentration of 0.75 mM in
ionomer solutions. n-SiO, wafers were cut into small pieces (2
cm X 2.5 cm) to use as substrates for making ionomer films.
After removing dust particles using compressed air, the
substrates were (i) rinsed with acetone and ethanol, (ii)
dried with compressed air, and (iii) UV—ozone treated
subsequently to clean the surface. The films were then spin-
coated using an EC 101 spin coater (Headway Research, Inc.,
Garland, TX) for 40 s at 3000 rpm. The films were placed in a
vacuum oven (Model # 1415 M, VWR, Radnor, PA), dried at
42 °C for 3 h, annealed at 100 °C for 7 h and cooled down to
room temperature for 12 h under vacuum. The films were then
placed inside an appropriate humidity chamber and exposed to
air with varied relative humidity (RH) for measurements.

Fluorescence Spectroscopic Measurement. Steady-
state fluorescence spectra of ionomer thin films on n-SiO,
wafers were taken using fluorescence spectroscopy (PTI
Quantamaster 400, Horiba, NJ). The excitation wavelength
of HPTS was 370 nm, and the emission wavelengths for HPTS
ranged from 390 to 590 nm. Fluorescence data of all samples
were obtained using the same spectroscopic parameters
(excitation/emission slit width = 1 nm; step size = 10 under
excitation correction and zero bias). A custom-built glass
humidity chamber (2.25 in. X 2.25 in. X 2.875 in.) was used
for relative humidity (RH) based fluorescence measurements.
The RH of air was controlled using a humidifying system (ibidi
USA, Inc., Fitchburg, WI).
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Water Uptake Measurement. The measurement of water
uptake was performed using quartz crystal microbalance
(QCM) (Stanford Research Systems, Sunnyvale, CA).
Ionomer films (without HPTS) were spin-coated on n-SiO,/
Au coated S MHz crystals (Inficon, Syracuse, NY) and
annealed following the procedure mentioned before. The
humidity inside a custom-built plastic humidity chamber was
controlled using the same ibidi humidifying system (men-
tioned earlier). The total mass of absorbed water (Am) was
calculated using the Sauerbrey equation from the change in
frequency (Af) of ionomer films on QCM crystals due to mass
adsorption upon exposure to humid air:

2f02 Am

Nty M
Here f, is the resonant frequency (Hz) of the fundamental
mode of the crystal, A is the active crystal area (0.402 cm?), Pq
is the density of quartz crystal (2.648 g/cm?), and Hq is the
shear modulus of quartz (2.947 X 10" g/cm-s?). The mass of
ionomer absorbed on QCM crystal was calculated based on
the difference between frequency (Af) of the bare crystal and
dry ionomer film on the crystal. On the other hand, the mass of
water uptake at each RH was calculated from the frequency
difference between dry film and humidified film on QCM
crystal at certain RH. Since water accumulation within the
porous structure of the QCM crystals was evidenced
earlier,””™”" the mass of water uptake (Am) was corrected
by subtracting the amount of water sorbed by bare, annealed
QCM crystal from the water mass sorbed by individual
ionomer films. This procedure gave the corrected mass of
water adsorbed only inside the ionomer films. The mass of
water uptake (Am) was then converted into hydration number,
Ay defined by moles of water per mole of proton conducting
groups using the following equation:

1= Mpy — My 1000
Y MHZO my X IEC )

Here myyy is the sample mass at a certain RH, m is the mass of
the dry sample, My o is the molecular mass of water, and IEC

Af=—

is the ion-exchange capacity.

Thickness Measurement. The thickness of ionomer films
was measured at ambient conditions using variable angle (65—
75°) spectroscopic ellipsometry (a-SE, J.A. Woollam Co., Inc.,
Lincoln, NE) with a spectral wavelength range of 381—893
nm. The thickness of the native oxide layer on a silicon wafer
(~1.77 nm), measured before measuring the thickness of
ionomer films, was used as a reference for ellipsometric
modeling. The Cauchy model was used to obtain the thickness
of all the ionomer films.

In-Plane Reflection Small-Angle X-ray Scattering
(RSAXS) Measurement. To investigate the morphological
information, RSAXS measurements were performed at ambient
conditions using a Rigaku Smartlab Diffractometer operating at
40 kV and 44 mA using a sealed Cu anode X-ray tube with an
average wavelength (4*) of 1.5418 A. Conventionally, grazing
incidence small-angle X-ray scattering (GISAXS) is performed
for the nanostructure determination of thin films using a 2D
detector. While the 2D detector has the advantage of
simultaneously measuring intensities in both in-plane (q,)
and out of plane (q,) directions (and hence resolving the
lateral and vertical correlation lengths), our SAXS system used

a 0 D approach (point detector), where only one of these
components was resolved dependent on the type of scan
chosen.”” This is, in fact, a special case of grazing incidence
SAXS (GISAXS) technique, more specifically called reflection
SAXS (RSAXS), where we used grazing incidence illumination
of the sample, but captured the off-specular reflection signals
using a point detector. In RSAXS, the data were collected in
asymmetric ®/26 geometry (i.e., ® # 6, where ® and 26 are
incident and scattering angles, respectively). In this case, the
scan was performed by intentionally offsetting w by an
appropriate angle to avoid specular reflection (in specular
reflection, 6, = 05 where 0, and 6 are the incidence and exit
angles, respectively) signal and capture the off-specular
scattering (where 6, # 6;) signal.”> The scattered beams
were scanned in the angular range (20) of 0 to 6° with a step
size of 0.02°. With this off-specular scattering, the lateral
component (q,) was obtained which provided the in-plane
structure of the sample.”* Thin films (without HPTS) with
thickness in the range of 20—450 nm, deposited on n-SiO,
wafers with native oxide, were placed on a sample holder disc
and optically aligned. The distance between the sample and the
detector was 30 cm. The in-plane scattering vector, q, is
directly related to its scattering angle, 20 (the angle between
the incident beam and scattered beam) and X-ray wavelength,

2% by

4r
q = Fsm(e)

P

()

The domain spacing for ionic domains (d) within the films
was determined based on their primary scattering peak
mMaxima, gy, in their specified region (1.50-3.50 nm™)
using

J= 2

Tp,max (4)

In addition to the measurement at an ambient relative
humidity (~56% RH), RSAXS patterns were obtained at 90%
RH. Since a setup for continuous, external humid airflow
during measurement was not available for the RSAXS
instrument, annealed ionomer films were exposed to air with
90% RH at room temperature in an external humidity chamber
overnight prior to RSAXS measurement. The samples were
then carried in an enclosed container carefully to the RSAXS
facility. A custom-built plastic container with a traceable
humidity sensor (Fisher Scientificc Hampton, NH) was used
for in situ monitoring the humidity within the sample chamber
of RSAXS. Two windows (2 cm X 2 cm) were cut in the plastic
container and sealed with Chemplex SpectroFilm (Palm City,
FL) provided by the RSAXS facility to allow passage of X-ray
and maintain the humidity. Inside the plastic container, 2—3
small beakers (S mL) with warm water were kept to reach 90%
RH (confirmed using the traceable humidity sensor inserted).
The schematic of humidity setup (Figure S2) and the details of
fitting of RSAXS data are shown in Supporting Information.

Bright-Field Transmission Electron Microscope (TEM)
Imaging. For the investigation of the morphology of ionomer
films with thickness <100 nm, a 40 nm thick silicon dioxide
support layer (Ted Pella, Inc., Redding, CA) on SiO, grid was
used as a substrate. Polymer solutions without HPTS were
directly dispensed onto that grid with SiO, support layer and
spin-coated to yield 20—75 nm thick ionomer films. The films
were annealed using the same protocol stated before. Bright-
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Figure 3. Fluorescence response of (a) 468 nm 3M PFIA; (b) 443 nm 3M PFSA; (c) 177 nm 3M PFIA, and (d) 184 nm 3M PFSA films
containing HPTS (4, 370 nm and 4., 390—590 nm). All the films were spin-coated on the n-SiO, substrates and annealed.

field TEM images were acquired using a FEI Tecnai Osiris
(Scanning) transmission electron microscope operated at 200
kv.

B RESULTS AND DISCUSSIONS

Fluorescence-Based Measurement of the Extent of
Proton Conduction. Fluorescent photoacid probe HPTS
(Figure 2) was incorporated into ~170—470 nm thick films of
3M PFIA (Figure 3a,c), 3M PFSA (Figure 3b,d), and Nafion
(as discussed in the Experimental Section), and exposed to
humid air (~29-90% RH) to probe the extent of proton
conduction (I,/ I, Figure 4) and parameters of local hydration
environment (pH, proton concentration, ionic domain size,
discussed later) within ionomer films. As discussed earlier, the
protogenic behavior of HPTS is similar to that of the ionomers
at dry and hydrated states. Thus, the higher the emission of
deprotonated state of HPTS (I, Aepma at ~S15 nm) relative
to that of protonated state (I, demmax ~ 425—450 nm), the
higher the value of deprotonation ratio (I3/I,) and the extent
of proton conduction is. A negligible or less pronounced I4
peak was observed in steady-state fluorescence spectra of all
ionomer films up to 50% RH. A significant rise of I was seen
at 90% RH, indicating significant deprotonation of HPTS and
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an increase in proton conduction in ionomer films at higher
RH. The red shift of protonated peak in some cases could be
attributed to the changes in local polarity around the dye
molecules””” while the films were hydrated gradually. The
468 nm thick 3M PFIA film showed the highest emission at
510 nm (I;) out of the films of all ionomers at a similar
thickness (Figure 3a).

The deprotonation ratio (Id/IP) of 468 nm thick 3M PFIA
film (Figure 4a) was S times higher than a Nafion film (Figure
4b) and ~2 times higher than a 3M PFSA film (Figure 4c)
with similar thickness. The extent of proton conduction (or I3/
1,) for the three ionomers consistently followed the trend: 3M
PFIA> 3M PFSA > Nafion at similar film thickness (Figure 4).
Since the three ionomers we studied have different IECs, we
normalized the values of I4/I, with respect to IECs of
corresponding ionomers ((I3/I,)/IEC). The IEC normalized
14/1, (Figure 4d) also showed the same trend: 3M PFIA> 3M
PFSA> Nafion at similar thickness at 90% RH. The observed
trends in the extent of proton conduction for sub-um thick
films were in agreement with that in membrane****? format
for these ionomers. The Gibbs free energy of acid dissociation
(also termed as gas-phase acidity) of bis sulfonyl imide group
(AG,q = 284.1 keal/mol) present only in 3M PFIA is lower
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Figure 4. Ratio of fluorescence intensities of deprotonated (I3) to protonated (IP) state of HPTS, (I/ I, with precision error bars) in (a) 3M PFIA,
(b) 3M PFSA, and (c) Nafion ionomers on n-SiO, substrate at different RH as a function of film thickness. IEC normalized 14/1, (ie., (Id/Ip)/IEC)
(with precision error bars) of all ionomer samples at 90% RH (d).

Table 1. pH and Proton Concentration (Average) of Ionic Domains within Ionomer Films as a Function of Film Thickness

local pH” of ionic domains

local proton concentration [H*] in
ionic domains (M)

and RH
1/1,

polymer sample thickness (nm) 56% RH 90% RH

3M PFIA 468 0.37 + 0.04 3.88 + 0.05
237 0.36 + 0.05 2.84 £ 0.09
177 0.34 + 0.02 2.02 + 0.08

3M PESA 443 0.20 £ 0.02 1.99 £ 0.10
350 023 £ 0.01 1.44 + 0.17
184 0.22 + 0.01 1.33 £ 0.02

Nafion 470 0.11 £+ 0.03 0.70 + 0.06
251 0.17 + 0.03 0.51 £ 0.09
161 0.09 + 0.04 0.29 + 0.01

56% RH 90% RH 56% RH 90% RH
0.14 + 0.07 227 £ 0.34 0.74 + 0.12 0.01 + 0.00S
0.14 + 0.09 227 + 0.34 0.75 + 0.16 0.01 + 0.00S
0.08 + 0.04 1.77 £ 0.16 0.84 + 0.08 0.02 + 0.007
—0.72 + 0.12 1.75 £ 0.18 6.00 + 1.00 0.02 + 0.008
—0.70 = 0.00 1.31 £ 0.12 5.00 £+ 0.00 0.0 + 0.013
—0.70 + 0.00 121 + 0.02 5.00 + 0.00 0.06 + 0.0.003
—1.00 + 0.00 0.59 + 0.04 10.00 + 0.00 0.26 + 0.025
—1.00 + 0.00 0.29 + 0.06 10.00 + 0.00 0.53 + 0.065
—1.00 + 0.00 0.00 + 0.00 10.00 + 0.00 1.00 £ 0.000

“HCl solutions at different concentrations were prepared and pH values were measured first. The fluorescent dye HPTS (15 M) was then added
to each acid solution to obtain fluorescence response (I3/I,) of the dye as a function of pH. The negative pH values were simply calculated using

the equation: pH = —log,[H+], since the pH meter is not suitable to accurately measure negative values of pH.

than perfluorosulfonic acid (AG,qq = 299.5 kcal/mol),”®
present in Nafion, 3M PFSA, and 3M PFIA. Due to the
extremely acidic behavior of the bis sulfonyl imide group, 3M
PFIA showed the strongest proton conduction behavior even
under thin film confinement. However, the less favorable
proton conduction environment in thinner films (as seen from
the decreasing I;/I, values, Figure 4), maybe a result of
multiple factors impacting proton conduction, broadly, water—

ionomer confinement, film hydration level, and ionic domain
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characteristics. In this work, we put efforts to understand the
individual roles of each of these different factors.

The proton concentration ([H*]) and pH of ionic domains
within ionomer films, on an average, were predicted by
comparing the deprotonation ratio (Id/IP) of ionomer films
(Figure 4) to that of HPTS in solution (Figure S3). The results
are summarized in Table 1. As the film thickness and RH
decreased, a decrease in the extent of proton conduction (i.e.,
decrease in I4/I,) and pH of ionic domains; while an increase
in proton concentration ([H*]) in the ionic domain were
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Figure 6. RSAXS patterns (line profiles) of annealed (a) 3M PFIA, (b) 3M PFSA, and (c) Nafion films on the n-SiO, wafer as a function of film

thickness at ambient condition (~56% RH).

observed. A Nafion film ([H*] ~ 2 M) and 3M PFSA ([H*] =
60 mM) film with thicknesses ~175 nm conducted protons
less efficiently (as per Id/IP) than a 3M PFIA film ([H*] = 12—
22 mM) with similar thickness. An extremely acidic pH and
high proton concentration ([H']) can be the results of
protonic confinement within an ionic domain and a very slow
relay of protons to neighboring ionic domains.””" Ion
conductivity is known to be functions of both ion
concentration and ion mobility. Thus, even if the proton
concentration is high, proton conduction can be weak if the
protons are not mobile. Moreover, the proton transfer
dynamics studies suggest that when the acidity becomes very
high in confined ionic domains, the equilibrium of the proton
dissociation reaction tends to shift toward geminate recombi-
nation (where dissociated proton reassociates with conjugate
anion),” making the proton dissociation and conduction far
more difficult.

Water Uptake. Hydration numbers (4,, = moles of water/
mol of proton conducting groups) of ionomer thin films,
calculated from QCM data are plotted as a function of RH
(Figure S). Hydration number (1) increased with the increase
in RH and followed the trend: Nafion > 3M PFIA > 3M PESA.
IEC of individual ionomers may not be solely controlling the
hydration as Nafion has the lowest IEC (~0.91) of all three
ionomers, but exhibits the highest hydration number (4,,) in
~161 nm thick films. The higher water sorption of Nafion
(IEC ~ 0.91) over 3M PESA (IEC ~ 1.21) could be attributed
to the presence of extra perfluoroether group at the side chain
in Nafion which offered higher side-chain polarity and
flexibility’” to Nafion chains. Despite having the highest IEC,
3M PFIA (IEC ~ 1.61) showed water uptake intermediate
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between Nafion and 3M PFSA and is likely due to a balance
between two structural aspects: (a) longer fluorocarbon side-
chain imparting hydrophobicity; (b) 4 oxygen atoms present in
bis(sulfonyl imide) (—SO,—NH-SO,—) group imparting
polarity to side chains.

Most notably, there was no straightforward correlation
between hydration number (4,, Figure 5) and the extent of
proton conduction (Id/IP, Figure 4). The A,, value of 3M PFIA
film (~4.94) was intermediate between 3M PFESA (~3.65) and
Nafion (~5.46) films when film thickness was ~160 nm
(Figure S). However, the 3M PFIA film showed the highest I,/
L, of all 3 ionomers ((I4/1,)ppia = 2.09, (I4/1,)pesa = 1.33, and
(pId/IP)Naﬁon = 0.29, Figure 4). The answer to why 3M PFIA
needed less water than Nafion to conduct proton in thin films
may be complicated and not so straightforward. The 160 nm
thick Nafion sample, on the other hand, showed the lowest
extent of proton conduction (lowest Id/IP) despite having the
highest hydration number among all the polymers. Not only
that, the thinner films showed higher 4,, (Figure S) but lower
14/1, values (Figure 4). Typically, it is expected that with the
increase in A, proton conduction will improve. These
observations were thus counterintuitive but consistent with
prior reports on Nafion films.''*** A 70 nm thick Nafion film
showed hydration number similar to a 50 ym thick Nafion bulk
membrane.”” However, the I4/I, value was an order of
magnitude lower in the thin film as compared to the bulk
membrane."> All these facts indicate that there are factors other
than water uptake, which control the proton conduction in
sub-um thick, confined ionomer films. Under such circum-
stances, the decisive factors for proton conduction may be the
size and long-range connectivity of water (or ionic) domains
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(subject to experimental evidence). Percolated, large water
domains, and/or extended hydrogen-bonded water network
with sufficient rotational mobility of water*' are highly
required for efficient proton transfer.”® If the hydrophilic
domains are small, scattered and not-well-connected, proton
transfer can be weak no matter how high the water uptake is.
We thus investigated the characteristics of ionic domains
(domain size, domain spacing, morphology) using RSAXS,
bright-field TEM, and fluorescence spectroscopy.

RSAXS Measurement. Figure 6 shows the in-plane
RSAXS patterns of annealed ionomer films under ambient
conditions (56% RH). Within the scattering vector (q,) range
of 1.50—3.50 nm™", a single ionic domain (with no periodicity)
was observed for the ionomer films (Figure 6). For all three
ionomers, ionic domain peak maxima (qp,max) shifted to higher
q, value and decreased in scattering intensity (I(q,)) as the
films became thinner (Figure 6 and Table 2). These indicated

Table 2. (q,) e Full-Width-at-Half-Maxima (FWHM) of
Ionic Domain Peak and Domain Spacing (d-spacing) of
Nafion, 3M PFSA, and 3M PFIA Ionomer Films on SiO,
from RSAXS Data at Ambient Condition (~56% RH)

ionic domain

sample full-width at half

thickness maxima of ionomer  d-spacing
polymers (nm) Tl e (nm™)  peak (fwhm) (nm™) (lflm)
3M PFIA 468 1.54 0.58 4.06
237 1.64 0.65 3.84
177 1.64 0.77 3.84
71 1.72 0.75 3.60
50 1.72 0.78 3.55
27 1.82 0.78 3.50
3M PESA 443 1.99 0.81 3.16
350 2.12 0.77 2.97
184 2.36 0.85 2.66
62 2.38 1.00 2.64
41 2.45 1.00 2.57
25 no peak a a
Nafion 470 2.16 0.70 2.90
251 2.246 0.74 2.81
161 2.32 0.88 2.72
72 2.35 0.87 2.67
41 2.41 1.04 2.61
17 no peak a a

“d-spacing and fwhm could not be calculated for these films since the
ionic domain peaks were not present.

a decrease in domain spacing (d = 2z/ 9p max) OF close-packing
of ionic domains in thinner films. Also, the neighboring ionic
domains were the closest (i.e., the shortest d-spacing) for
Nafion and the farthest for 3M PFIA films with a similar
thickness (Table 2). The ionic domain peaks completely
disappeared for both Nafion and 3M PFSA films at thickness
down to ~25 nm, while ~27 nm thick 3M PFIA film still
retained the ionic domain peak (Figure 6 and Table 2). This
supported stronger hydrophilic—hydrophobic phase separation
and existence of well-developed ionic domains even in
ultrathin films of 3M PFIA at moderate humidity (56% RH
here).

Thinner films, with the larger value of fwhm (Table 2), can
reasonably be assumed as less-well-ordered'®”” and/or less
correlated systems'>’”* as compared to thicker films (with

narrow ionic domains peak and low fwhm). Kusoglu et al.”’

also suggested lower fwhm as a sign of low polydispersity of
ionic domain size and spacing. Of the three ionomers, 3M
PFIA thus had the largest spacing between ionic domains, but
the narrowest distribution of ionic domain spacing and size
(Table 2). When the humidity was increased from 56% to 90%
RH, the ionic domain peak shifted to lower g, values (d-
spacing increased) (Figure 7a—d). In the case of 25 nm thick
PFSA (Figure 7e) and 20 nm thick Nafion (Figure 7f) films, no
ionic domain peak was observed at 56% RH, but small ionic
domain peaks evolved at 90% RH. On the other hand, 3M
PFIA showed an ionic domain peak at both 56% and 90% RH,
irrespective of film thickness. The fwhm values of ionic domain
peaks were ~0.67, 0.95, and 0.94 nm™" for ~25 nm thick 3M
PFIA, 3M PFSA, and Nafion films at 90% RH, respectively.
The relatively long, but flexible side chain may have facilitated
better phase segregation in 3M PFIA films and led to the
narrow distribution of ionic domain spacing and size.
Despite better phase segregation, the long, hydrophobic side
chains of 3M PFIA may have suppressed the effect of polar
—S0, groups and prevented extreme water uptake (4,, ~ 6.26
for 25 nm thick PFIA film, measured by us) which did not
happen in the case of Nafion (4, ~ 18.5 for 23 nm thick
Nafion film'®) with shorter hydrophobic chains and polar
perfluoroether groups. The values of d-spacing were 3.80 and
2.90 nm for ~27 nm thick 3M PFIA and Nafion films at 90%
RH, respectively. Such close-packing of ionic domains and
higher water uptake (4,~ 18.5) in Nafion films suggested the
presence of a large number of small-sized ionic domains (to
accommodate the sorbed water) and thus a higher degree of
phase mixing which naturally could not facilitate effective
proton conduction in Nafion thin films(Figure 4).
Morphology of lonic Domains (TEM). The bright-field
TEM images of dry ionomer films (Figure 8) were taken under
a high vacuum, so the morphologies of these films may not
necessarily represent those of films at atmospheric pressure
(used for RSAXS and fluorescence spectroscopy measure-
ments). However, relative differences in the morphology and
ionic domain size among the three ionomer films at
comparable thicknesses can be conferred since all the TEM
images were taken at similar conditions (under vacuum). Also,
the use of SiO,-based grids as substrates to make films for
TEM studies ensured substrate effect similar to RSAXS,
fluorescence, and QCM measurements. A decrease in phase
separation was anticipated based on the gradually reduced dark
and light contrast in the TEM images when the film thickness
of 3M PFIA (Figure 8a—c) and 3M PFSA (Figure 8d—f)
decreased from ~75 to ~25 nm. Nafion (Figure 8g—i), on the
other hand, showed poor contrast, suggesting a higher degree
of phase mixing for the entire film thickness range (~25—75
nm). The projected overlap of electron signals in TEM may
prevent accurate determination of ionic domain symmetry or
size. However, Allen et al.®' observed spherical domains with
diameter ~3.5 &+ 0.3 nm for 100 nm thick Nafion membrane
(unstained) under bright-field TEM. Even if we do not go for a
quantitative comparison of the ionic domains based on TEM,
the visual inspection clearly identifies morphological differ-
ences between Weber’s®" and our (Figure 8g) Nafion film with
similar thicknesses. The morphological differences could be
due to the differences in the TEM sample preparation
technique as well as substrate effects. The ionomer films in
Weber’s work®" were spun on SiO, wafer but then floated on
water to transfer onto Cu-mesh TEM grids to obtain TEM
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Figure 7. RSAXS profiles of 3M PFIA (a, d), 3M PESA (b, e), and Nafion (¢, f) films on SiO, as a function of relative humidity.

Figure 8. Bright-field TEM images of (a) 75, (b) 40, and (c) 27 nm thick 3M PFIA; (d) 7S, (e) 40, and (f) 25 nm thick 3M PFSA; and (g) 72, (h)
41, and (i) 20 nm thick Nafion films spin-coated on 40 nm thick SiO, layers. The images were taken under vacuum.
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images of unannealed films. On the contrary, we directly spun
Nafion films on SiO,-based TEM grids and annealed
subsequently. Thus, our samples did not undergo the
hydration—dehydration cycle (prior to TEM measurements
under vacuum) and ion channel formation/structural changes
induced by that.**

Size of lonic Domains. We utilized RSAXS and steady-
state fluorescence techniques independently to predict the
average size of ionic domains. While the exact meaning of ionic
domain peaks can certainly be a point of debate, an added
advantage of fluorocarbon-based ionomers is that a good
number of SAXS/GISAXS based, well-accepted models, are
available (especially for bulk membrane systems). On the basis
of these models, a moderately reasonable argument on the
ionic domain geometry/shape in the ionomeric materials
studied in this work can be placed. Before proceeding to
predict the size of ionic domains in 3M PFIA, 3M PFSA and
Nafion thin films, the existing models"***** on jonomer
structures (based on SAXS/GISAXS) were, therefore, carefully
reviewed so that our RSAXS data could be interpreted
rationally to elucidate ionic domain shape and size in thin
films. By far, many different phase-separated structures have
been proposed for ionomers, such as networks of inter-
connected spherical water clusters (Gierke);*> core—shell
structure;* parallel cylindrical water nanochannels;*” rod-like
elongated polymer aggregates;*® bicontinuous networks of
hydrophilic domains;™ and locally flat, elongated water
domains.””* Haubold et al.*® proposed a core—shell model
for Nafion where the core is either empty (dry state) or filled
with water—methanol (wet condition), and, the shell is made
of perfluorinated side chains of ionomers with the sulfonic acid
groups at the core—shell interface. This structure is similar to
reverse micelle systems encapsulating water pools at the core.
The complex structure of cross-linked channels was described
as a composition of this basic core—shell structure, as per this
model.*® Gebel”' proposed the changes in the morphology of
hydrated ionomer membranes as a function of water volume
fraction (¢,,). The dry membrane was characterized by isolated
spherical ionic clusters. As the water sorption starts, the
spherical clusters swell to hold pools of water at the core
surrounded by ionic groups (sulfonic acid) at the water—
polymer interface. These spherical domains start to get
connected via cylindrical regions made of water molecules
(dispersed in a polymer matrix) when ¢,, ~ 0.3—0.5.

While all these efforts focused on interpreting ionic domains
in bulk membranes, the morphologies of sub-um thick
ionomer films have not yet been elucidated clearly. One of
the very few attempts was on 100 nm thick, unannealed Nafion
film*' using cryo-TEM tomography. The film, however, was
hydrated with liquid water (not humid air) and underwent
hydration-dehydration cycles during transfer over the TEM
grid. Thus, the extended, ribbon-like hydrophilic domains,
proposed”’ based on the film prepared this way, may not be
relevant to our annealed ionomer films having no prior
hydration history. Mobility of water molecules in annealed
films is more restricted and thus the connectivity of ionic
domains is less obvious.'”'”** We then moved back to Gebel’s
model”" to explore what morphology this model suggests for
our ionomer films at comparable ¢,. The highest 4, we
achieved was ~5.5 for 161 nm thick Nafion film at 90% RH
(Figure S). The corresponding ¢,, will be ~0.24 based on
negligible volume change of mixing reported for fluorocarbon-
based ionomer Nafion and water.””** This ¢, value, based on

Gebel's model, suggests the presence of reverse micelle
structures with water-filled, spherical ionic domains at the
core with limited connectivity. If the ionic domain connectivity
is limited in the bulk membrane at (¢,) of ~0.24, the
probability of having ionic domain connectivity in sub-ym
thick films will be even lower (supported by the literature®*”?).
Moreover, our thin films were exposed to humid air, not liquid
water. This again makes domain connectivity less probable.
Thus, making assumptions of (a) core—shell like structure with
(b) spherical ion-conducting water domains at the core and
(c) limited ionic domain connectivity for the ionomer films
seemed reasonable while fitting ionic domain peak of RSAXS
data to yield the size of ionic domains in thin films. This
assumption was further supported by the recent review by
Kusoglu and Weber'” where the possibility of the existence of
isolated spherical ionic domains was not overruled especially at
low humidity conditions and if the connectivity of ionic
domains is poor (highly likely in confined, thin ionomer film
systems S245495),

To get the ionic domain size (d;4) within ionomer films from
RSAXS measurements, the ionic domain peaks were fitted
using Nanosolver (Rigaku’s built-in software with RSAXS
system). A core—shell model was chosen (as discussed in the
previous section) where (i) the ionic domains containing water
and the proton conducting groups of side chains were taken as
the core; and (ii) the fluorocarbon ionomer chains were
assumed to comprise the shell, respectively. The experimen-
tally obtained values of d-spacing were used as one of the input
values (please see Supporting Information and Figure S4 for
additional details on fits).

The size of ionic domains (d,4) was also predicted using
fluorescence data by comparing the I4/I; values of HPTS for
ionomer films to that reported for sodium bis (2-ethylhexyl)-
sulfosuccinate (Aerosol OT or AOT) reverse micelle
systems.'””® AOT reverse micelles are sulfonated surfactant
assemblies which encapsulate nanoscopic water, and have been
used frequently as models of confined aqueous environ-
ments.'” The size of polar (or water) pools in AOT reverse
micelles has been reported as a function of water-to-AOT
mixing ratios (w,)."*”° At first, we plotted I4/I, of HPTS
within AOT reverse micelle as a function of the diameter of its
hydrophilic core (or water pool, d,,, = 0.29w, +1.11, with w,
obtained from the literature'>*%¢>” (Figure SS5)). Then this
14/, vs d,, plot was used to predict the size of ionic domains
(didg within our ionomer films at certain I;/I,. The values of
the size of ionic domains in films of all three ionomers,
independently obtained from RSAXS and steady-state
fluorescence, are presented in Table 3.

In all of the sub-yum thick ionomer films, ionic domains were
much smaller (between 1.60 and 2.55 nm) than what was
reported for Nafion membranes (~4 nm).* Size of ionic
domains in sub-yum thick films of 3M PFIA, 3M PFSA, and
Nafion is rarely reported except by Allen et al.*' (discussed
earlier in the TEM section). The average diameter of the ionic
domains reported by us (~1.6—2.12 nm) for Nafion thin films
(Table 3) is much smaller than what they reported (~3.5—5
nm). The narrower ionic domains in our samples are logically
possible as our films (unlike Allen’s ones) were not exposed to
liquid water, and did not undergo hydration—dehydration
cycles during sample preparation. As shown in Table 3, the
average size of ionic domains in 468 nm thick PFIA film was
1.86 nm at 56% RH, and 2.55 nm at 90% RH using RSAXS;
however, it was 1.78 nm at 56% RH and 2.55 nm at 90% RH
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Table 3. Comparison of Size of Ionic Domains (d,g)s of 3M
PFIA, 3M PFSA, and Nafion Ionomer Films Obtained from
RSAXS and Fluorescence Data

size of the ionic domain (d;4, nm)

RSAXS™? fluorescence®
sample
thickness

polymers (nm) 56% RH 90% RH  56% RH 90% RH
3M PFIA 468 1.86 2.55 1.78 2.55
3M PFSA 443 1.80 2.10 1.68 2.10
Nafion 470 1.7§ 2.12 1.63 1.90
3M PFIA 27 1.70 1.9—-1.95 - -

3M PFSA 25 no peak 1.55-1.65 - -
Nafion 20 no peak 1.60—1.65 - -

“The size of the ionic domains (dg) from in-plane RSAXS was
obtained by fitting the ionic domain peak using Nanosolver software.
For some of the thinner ionomer films (<30 nm), the no ionic domain
peak was observed at ambient conditions. Thus, the size of the ionic
domains could not be calculated for those films. *For the size of ionic
domains of ~25 nm thick films, a range of size was shown since any
value within those ranges can be considered as the best fits. For other
films, the single, consistent, repeatable best fit of the peaks was
obtained. “Size of ionic domains (dy) from steady-state fluorescence
data was obtained by comparing the deprotonation ratio (I/I,) of
HPTS in ionomer films to that in sodium bis (2-ethylhexyl)
sulfosuccinate (AOT) reverse micelles with the known size of water
domains (dwp). For thinner films (<50 nm), the fluorescence
intensities were too low to correctly measure I3/I, and predict the
size of ionic domains. The values of ionic domain size varied
insignificantly (1—2%); therefore, precision error bars were not
shown.

using fluorescence. The values closely matched each other.
Such agreement of size of ionic domains obtained via RSAXS
and fluorescence was observed for all the ionomers in films
with ~25 and ~450 nm thickness. This reveals that
fluorescence is a reliable technique to quantify the character-
istic parameters of ionic domains (dy, pH, I4/I,) which give
rise to quantitative values of proton conductivity (). Most
importantly, both the extent of proton conduction (I4/I,,
Figure 3, 4) and the size of ionic domains (di4, Table 3)
followed the same trend: 3M PFIA > 3M PESA > Nafion. It is
now evident that water domain size, not the water uptake,
dominantly controls proton conduction properties of thin
ionomer films (Figure 9).

Larger jonic domains (as seen for 3M PFIA) favored proton
conduction (Figure 9, left); and in the formation of ionic
domains, ionomer side-chain length, flexibility, and acidity
played important roles. The long, flexible® side chains of
ionomers (3M PFIA) may naturally have relatively higher
mobility to reach out to the water, facilitate water segregation,
and form lar%er ionic domains (Figure 9, left). The high
protogenicity” of side-chains of 3M PFIA then acts as an
additional feature that favors the proton conduction more in
such large water domains. On the other hand, due to short
(3M PESA) and stiff (3M PFSA, Nafion) side chains, 3M
PFSA and Nafion form smaller ionic domains (Figure 9, right).
A small ionic domain significantly constrains water molecules
in taking necessary steps for long-range proton conduction or
hopping, such as forming hydrogen-bonded water network and
dynamically rotating, relaxing, breaking, and forming hydrogen
bonds to conduct the protons to neighboring water
molecules.'> Therefore, 3M PFIA thin films, with relatively
larger water pools, conduct proton more efficiently than 3M
PFESA and Nafion thin films, with relatively smaller water pools.
We also found that the diameter of ionic domains in ionomer
films decreased as the film thickness and RH decreased (Table
3). In thinner films (~25 nm thick here), ionomer chains can
be confined, and lack enough mobility'>'® to facilitate efficient
phase segregation, and large ionic domain formation (an effect
similar to rigid side-chain effect). High water ugtake in thinner
films (4,~ 18.5 for 23 nm thick Nafion film'® as opposed to
~S.5 for 470 nm thick Nafion film) may thus lead to a large
number of small, ill-connected ionic domains where protons
are confined. This is why thinner films exhibited a lower extent
of proton conduction (Id/IP) as compared to thicker films.

B CONCLUSIONS

The critical parameters of hydration environment within sub-
um thick films (water uptake (4,,), ionic domain size (d4), pH,
the extent of proton conduction (I4/1,)) of three fluorocarbon-
based ionomers (3M PFIA, 3M PESA, Nafion) were
quantified. Using fluorescent photoacid probe HPTS, it was
shown that 3M PFIA has the most favorable proton
conduction environment of the three ionomers studied. High
hydration (4,,) did not help to achieve a high extent of proton
conduction (Id/IP), but the size of the ionic domain (di4) did.
Using RSAXS and fluorescence spectroscopy, the size of ionic
domains within ionomers films was then independently

3M PFIA
Larger water domains
Higher proton conductivity

Bis-sulfonyl imide group
« Perfluorosulfonic acid group

£ £
o
2 <
3M PFSA, Nafion
Smaller water domains
Lower proton conductivity
~r” lonomer backbone

lonic domain

Not the water uptake, but the size of the water domains matters!

Figure 9. Schematic representation of ionic domain characteristics within thin films of the ionomers studied in this work.

30881

DOI: 10.1021/acs.jpcc.9b10015
J. Phys. Chem. C 2019, 123, 3087130884


http://dx.doi.org/10.1021/acs.jpcc.9b10015

The Journal of Physical Chemistry C

measured. The extent of proton conduction (I4/1,) followed
the trend similar to the size of ionic domains (3M PFIA > 3M
PFSA > Nafion). Also thinner films, despite higher water
uptake, showed lower Id/IP, and smaller ionic domains. The
study suggests that even if the water uptake is high, the extent
of proton conduction (I4/1,) can be low if the individual water
domains in an ionomer film are small and not-connected. The
flexibility, hydrophilicity, and multiple acid groups in the side
chain of 3M PFIA in thin films allowed the formation of larger
ionic domains with better phase separation and facilitated
better water-mediated proton conduction. On the contrary,
phase segregation and formation of large ionic domains were
not facilitated in 3M PFSA and Nafion films due to the short
and/or less flexible side-chains of these ionomers. In these
small, ill-connected ionic domains, the rotational relaxation of
water was restricted. The dissociated protons in Nafion and
3M PFSA films thus accumulated within the ionic domains,
created an extremely acidic environment, and failed to
conduct. This is why Nafion films showed a lower extent of
proton conduction (I4/I,) (as compared to 3M PFIA films),
despite having a higher water uptake. Similarly thinner films
formed from any ionomer that exhibited lower I;/I, (as
compared to thicker films) due to protonic confinement in
small, ill-connected water domains.
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