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Abstract. Infrared and Raman spectroscopy techniques were applied to investigate the drying
and aggregation behavior of Nafion ionomer particles dispersed in aqueous solution. Gravimetric
measurements aided the identification of gel-phase development within a series of time-resolved
spectra that tracked transformations of a dispersion sample during solvent evaporation. A
spectral band characteristic of ionomer sidechain end group vibration provided a quantitative
probe of the dispersion-to-gel change. For sets of attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectra, adherence to Beer’s law was attributed to the relatively constant
refractive index in the frequency region of hydrated -SO;™ group vibrations as fluorocarbon-rich
ionomer regions aggregate in forming the structural framework of membranes and thin films.
Although vibrational bands associated with ionomer backbone CF; stretching vibrations were
affected by distortion characteristic of wavelength-dependent refractive index change within a
sample, the onset of band distortion signaled gel formation and coincided with ionomer mass %
values just below the critical gelation point for Nafion aqueous dispersions. Similar temporal
behavior was observed in confocal Raman microscopy experiments that monitored the formation
of a thin ionomer film from an individual dispersion droplet. For the ATR FTIR spectroscopy
and confocal Raman microscopy techniques, intensity in the water H-O-H bending vibrational
band dropped sharply at the ionomer critical gelation point and displayed a time dependence
consistent with changes in water content derived from gravimetric measurements. The reported
studies lay groundwork for examining the impact of dispersing solvents and above-ambient
temperatures on fluorinated ionomer transformations that influence structural properties of

dispersion-cast membranes and thin films.
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1. Introduction

Solutions containing fluorinated ionomers dispersed in water or water-alcohol mixtures have a
long history of application in the preparation of thin films.!-> These materials are often used in the
formulation of ionically conductive coatings that enhance the selectivity of chemical sensors and
bind catalyst particles to bulk current-carrying electrodes in fuel cell and electrolyzer devices. !¢
Among fluorinated ionomers,'**° the properties of Nafion have been studied extensively.!??
Although Nafion thin films and membranes prepared by dispersion-casting at ambient

10.11 showed materials with structural

temperatures have limited durability,! early investigations
robustness similar to extrusion-processed commercial membranes result when casting is
performed at ca. 140 °C - 160 °C from ionomer dispersed in high boiling point solvents. With the
central role of Nafion membranes and ionomer films in electrochemical energy conversion,>’ in
recent years the nanoscale structure of dispersed Nafion particles has been scrutinized as a function
of solvent and thermal history and compared to the mechanical properties of cast membranes.>!
For Na* exchanged ionomers, small angle neutron scattering (SANS) measurements revealed a
dependence of ionomer particle dimensions and aggregation behavior on the dispersing fluid
chemical nature. In the aprotic solvents studied, processing at 140 °C produced a uniform,
reversible gel-phase and high tensile toughness membranes, suggestive of favorable solvent-
ionomer interactions facilitating extensive polymer chain entanglement in the cast solid.*!? Similar
processing in mono- and polyhydric alcohols and aqueous solvent mixtures produced
inhomogeneous, thermally irreversible gel-phases and mechanically weaker films. Within each

solvent class, a strong correlation was identified between the ionomer critical gelation

concentration and the tensile toughness of membranes cast at 140 °C.>!2
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With interest in recent understanding of ionomer dispersion properties®!? and vibrational

spectroscopic approaches to ionomer characterization,”!314

we have explored the sensitivity of
time-resolved attenuated total reflection (ATR) Fourier transform infrared spectroscopy (FTIR)
toward Nafion dispersion transformations during film development. ATR sampling is convenient
for recording FTIR spectra of liquids,'> and thus was simple to adapt for measurements on ionomer
dispersions. However, ATR FTIR spectra are sensitive to optical phenomena that can obscure
insights into sample properties. Although it is well known that band intensities in ATR FTIR
spectra are skewed toward low frequencies because the optical path length within a sample
increases in proportion to wavelength,!>!6!7 more difficult to predict and fully compensate are
band distortions that result from the interplay of absorption and wavelength dependent back-
reflection as infrared radiation propagates the sample-ATR crystal boundary.!16:18

In the reported studies of ionomer dispersions, ATR FTIR spectra are shown to provide
quantitative insights when ionomer is present as a dilute analyte within a dispersion and the solvent
component dominates the sample refractive index. As solvent becomes a minority component at
the sample-ATR crystal interface, spectral changes that can be traced to optical dispersion
distortion'*!618 develop in bands arising from vibrational modes centered on the structural
framework of solid ionomer membranes. Through comparison with gravimetric measurements,
the spectral changes are shown to coincide with gel-phase development. A similar sensitivity
toward gelation is also demonstrated in confocal Raman microscopy experiments that probe the
sample composition within an individual dispersion droplet. The reported measurements, focused

on properties of Na® exchanged aqueous dispersions>!?

at ambient temperature, provide a
foundation for investigating ionomer dispersion transformations at above ambient temperatures

and in non-aqueous solvents carefully selected to minimize spectral interferences.



2. Experimental Section

2.1 Reagents. Aqueous, Na* exchanged (~5 wt %) Nafion dispersion was prepared from stock
Nafion dispersion (1100 g/eq, 10 wt % in water (Sigma-Aldrich, St. Louis, MO USA)).
Approximately 1.0 mL of the stock dispersion was pipetted into the tubing of a dialysis device
(Spectra-Por Float-A-Lyzer G-2, 3.5-5 kD molecular weight cutoff (Spectrum Labs, Saint Paul,
MN USA)) and cation-exchanged for 12 h against 0.1 M NaOH (prior to addition of sample, the
dialysis tubing was cleaned by thorough rinsing in deionized water and 0.1 M NaOH solution).
Subsequently, the device was placed in deionized water (8 h with a change in rinse water every 2
h) to remove excess NaOH. Afterward, the aqueous dispersion was transferred with a pipet to a
clean glass vial for storage. The ionomer mass percent and dispersion density were determined
from the mass of a 150 pL aliquot measured to + 0.1 mg before and after evaporation of the
solvent.>!'? All other chemicals were reagent grade or better and used as received.

2.2 Instrumentation. FTIR spectra were collected using a Bruker Vertex-70 spectrometer. Single
beam spectra were collected at 4 cm! resolution, with 128 scans averaged, and processed using
OPUS version 7.0 (Bruker) software. The instrument bench and sample compartment were
continuously purged with dry air from a purge gas generator (Parker-Balston Model 75-52, Parker-
Hannifin Corp.). ATR FTIR spectra were collected with the use of a VeeMAX II accessory (Pike
Technologies, Madison WI USA) equipped with a single reflection, 45° ZnSe ATR crystal
containing a circular, 20-mm diameter sampling surface (Pike Technologies). A liquid cell
constructed from poly(tetrafluoroethylene), PTFE, mounted to the ATR crystal assembly to
facilitate measurements on ionomer dispersion samples. The starting dispersion volume was
adjusted to produce a condensed film thickness of ~20 um to ensure the sample thickness remained

greater than the evanescent wave penetration depth at the lowest frequency of interest (950 cm™).



Results of electromagnetic field calculations that examine radiation propagation through the
ZnSe/Nafion film boundary and effects of film thickness on spectral features are included in the
Supplemental Material (Section 1 and Figures S1-S3). Measured ATR FTIR spectra are displayed
in units of pATR, where pATR = -log (Lsampie / Lreference), and Lsampie and Lreference represent the sample
and reference single-beam spectra, respectively.

The confocal Raman microscope system has been described in detail.!® The excitation source
was a single-longitudinal-mode diode laser operating at 638 nm. The beam was spatially and
spectrally filtered and then expanded to fill the rear aperture of a 100 x, 1.4 N.A. oil immersion
objective (Nikon, Plan APO VC) mounted on an inverted fluorescence microscope frame (Nikon
Eclipse TE-200).!” Samples were analyzed as individual droplets. An aliquot of aqueous dispersion
(40 pL) was dispensed onto a glass microscope coverslip (No. 1.5 thickness, BK-7 glass)
positioned on the microscope stage. The droplet was covered by a small glass vessel (~10 mL),
that provided space to accommodate solvent evaporation, while shielding the droplet from
laboratory air currents. The expanded diode-laser beam radiation was directed through the
microscope objective, immersion oil and coverslip and was brought to a focus within the aqueous
droplet about 5 um above (z-dimension) the coverslip-aqueous dispersion boundary. Sampling at
z ~ 5 um ensured the confocal probe volume?*2! (~5 fL at 90 % detection efficiency)'® was fully
localized within the sample. Reported spectra represent the average of 20 acquisitions each
collected with a 30-s integration time.

Gravimetric measurements were performed with the use of a high sensitivity (0.01 mg)
analytical balance (Mettler-Toledo, (Columbus, OH) Model XS205DU). The gravimetric water
loss simulation was carried out on a desktop computer using a spreadsheet (Microsoft Excel)

program.



All spectroscopic and gravimetric measurements were performed at the constant temperature
21.0 £ 0.5 C° and relative humidity (< 30 %) in an ambient laboratory atmosphere.
2.5 lonomer dispersion density estimation. lonomer dispersion densities (dgispersion) Were
calculated by treating the dilute dispersion as an ideal solution, allowing the solution volume
(Vsotution) to be determined from the sum of individual ionomer and water contributions. The latter
were estimated from the density of bulk Nafion (1.9 g/mL)?* and water (1.0 g/mL) at 25 °C.
Specifically, dgispersion values were calculated from the mass of ionomer (M;4pomer) and water

(Myater) components as follows:

d _ (Mmionomer+ Mwater)
dispersion —

b
Vsolution

1mL 1mL

where Viotion = [Mionomer X (m) + Mygrer X (m)]. The approximation predicted

dgispersion to within 2 %, when applied to Nafion dispersions < 15 wt %, which is the point when

the sample viscosity becomes too great for accurate volume measurement. The estimated values
of dgispersion Were used to convert between molarity and wt % in expressing ionomer dispersion

content.

3. Results and Discussion

3.1. ATR FTIR measurements. Figure 1 shows ATR spectra that follow changes in ionomer
features during the transformation of an aqueous dispersion to a thin film. The 1400 cm™! - 800
cm! range displayed contains the major infrared bands of the ionomer and is free of solvent

interferences, since water vibrations are outside the range plotted.?*-?

The assignment of Nafion
infrared bands has been of longstanding interest (c.f., Refs. 24,25,29-33). The strong peaks near

1230 cm™ and 1150 cm’!, reflective of features in PTFE,?>** contain the ionomer backbone C-F

stretching vibrations and are broadened by overlap with modes centered on functional groups in



4.8 wt. % Nafion
(Na*) in water

pATR

pATR
| (e}

1300 1200 1100 1000 900
Wavenumbers (cm-")

Figure 1. ATR FTIR spectra collected during
the development of a Nafion thin film from an
aqueous 4.8 wt % dispersion of the ionomer
(1100 EW, Na’ exchanged form). Spectral
series spanning (a) the full measurement time
range and (b) period associated with the
dispersion. The color scheme indicates the
dispersion (red), gel (green) and solid
membrane (blue) phases.

the sidechains.?427-32:33

The lower energy bands
near 1058 cm™! and in the 980-950 cm! region are
associated with vibrations of sidechain functional
groups.?>-30-3335 Density functional theory (DFT)
calculations have shown the normal modes are
composed of strongly coupled -SO3™ and C-O-C
motions. 32333

Typically, infrared spectroscopic studies of
Nafion have interrogated fully formed membranes
and thin films with focus on elucidating ionomer
structure or properties of imbibed solvent.!32¢
28,33.36-38 Tnyestigations of the dilute ionomer
dispersions that are the precursors to cast ionomer
materials are considerably less common, deterred
by solvent interferences that have potential to

overwhelm ionomer vibrational signals and by

complications of handling a liquid sample. In

recording the spectra in Figure 1, the advantages of the ATR FTIR technique (i.e., simplicity in

liquid handling and ability to optimize the pathlength for measurements on aqueous solutions!>*%)

made it possible to detect vibrations of the ionomer dispersed down to a few wt % in water.

The spectra collected over the first 22 hours, shown on an expanded scale in Figure 1b, have

characteristics of a dilute analyte. The band intensities grow as the ionomer concentration

increases, while the shapes and peak positions remain unchanged, indicating the ionomer remains



well solvated and unperturbed by ionomer-ionomer (e.g., analyte-analyte) interactions during this
early period of evaporative solvent loss. As discussed further below, this dilute analyte behavior
enables the spectral data to be applied to estimate ionomer concentration in the dispersion, and
subsequently, to identify the dispersion-to-gel transition region. At longer times (> 22 h), the
spectra in Figure 1 begin to develop strong band shape changes at frequencies of the ionomer
backbone vibrations (1300 cm™ - 1100 cm). The spectral variations track with gel-phase
formation, but as elaborated in Section 3.3, have complicated origins.

3.2. Gravimetric measurements. To assist in the quantitative analysis of the time-resolved ATR
FTIR spectra collected, gravimetric measurements were performed to gain insights into the
expected concentration dependence of ionomer during film formation from the dispersion. The
plot in Figure 2 shows changes in the mass of a Nafion aqueous ionomer dispersion droplet

deposited onto a glass (SiO»)
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Figure 2. Plot of mass versus time for a 40 uL droplet of
(black circles) Nafion ionomer (1100 EW, Na" exchanged
form) dispersion in water at 7.4 wt % and (red squares)
deionized water, dispensed onto a glass slide on the platform
of a high sensitivity analytical balance. The blue triangles
trace the mass change of the ionomer droplet expressed as
pure water and the dispersion during  mass %. The dashed line is the least squares fit to the black
symbols covering the 0-60 min period (R* = 0.999). The
this period, although the rate of water ~ points in the shaded region indicate the mass after overnight
drying followed by 30 min of oven drying at 120 °C.

constant area of contact with the

substrate.*%*! The trend is similar for



loss from the dispersion is slightly slower. The slower loss rate relative to the pure solvent likely
can be explained by attractive water-Na" interactions in the dispersion, as the water evaporation
rate from the dispersion tracked closely with the response for an aqueous droplet containing an
equivalent initial Na* concentration (0.05 M NacCl).

At longer times (> 60 min), the rate of mass change in the dispersion droplet becomes nonlinear.
The behavior reflects effects of ionomer densification, such as trapping of condensed water within
the polymer matrix and chemical composition changes at the substrate-droplet-air boundary where
the evaporation rate is expected to be fastest.*?*¢ Figure 2 also includes the time-dependent

changes for the ionomer droplet expressed in terms of ionomer mass percent, where

ionomer wt % = [ Mionomer %X 100%. (1)

(Mionomer+Mwater)

Since the ionomer mass remains constant during the solvent evaporation period, the ionomer mass
% trends inversely with changes in droplet water content.

The dashed line in Figure 2 highlights the constant rate of mass change in the dispersion droplet
at early times. Extrapolating the line, and mapping to the ionomer wt % scale, shows the rate slows
as the ionomer composition approaches 29 wt %, just ahead of the critical gelation point (~34 £ 4
wt %)? for the aqueous ionomer dispersion. Although the time dependence of the mass change in
the dispersion droplet can be influenced by several factors (i.e., ionomer and mobile cation
hydration and composition gradients that drive fluid flow),*4¢ the results in Figure 2 indicate the
dilute dispersion behavior and characteristic rate of water escape persists until the droplet enters
the gel-phase transition region. Notably, a similar sensitivity to gel-phase formation, in this case
through assessment of droplet volume change, has been observed for evaporating droplets of a
dilute silica nanoparticle dispersion.** The least squares fit line to the water droplet data in Figure

2 was omitted for clarity. However, the data over the full measurement range fit a linear model



with coefficient of determination, R? = 0.999, confirming the expected pure solvent response was
obtained.

3.3. Quantitative analysis of ATR FTIR spectra. Similar to the gravimetric data in Figure 2, the
time series of ATR FTIR spectra in Figure 1a contain evidence of the ionomer dispersion-to-gel
transition region. Across the time series, the spectral band intensities steadily increase, even
beyond the 22 h point. During this latter period, the characteristic PTFE features between 1230
cm! - 1160 cm! linked to vibrations on the fluorocarbon-rich thin film framework undergo
changes in shape and position, while bands centered on vibrations of functional groups in the
ionomer sidechains (i.e., 1058 cm™ and 980-950 cm™) show considerably less position and shape
variation. Composed of hydrophilic groups (i.e., -SO3", C-O-C), the sidechains retain water to a
greater extent than the TFE backbone as the dilute dispersion transitions to the thin film form and

its characteristic nanoscale phase-separated ion conducting pore and channel structure.!2>4” The
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Figure 3. Data derived from the full ATR FTIR spectral
dataset. Black symbols, left y-axis: The inverse of properties of a well-solvated analyte the
pATRioss plotted versus time. Blue symbols, right y-
axis: lonomer mass % derived from pATRioss (see text 1058 ¢cm™! feature, arising from coupled
for details). The dashed line is the least squares fit to the
data covering the 0-24 h period (R* = 0.997). The inset
sketch depicts the ATR FTIR sampling configuration
adapted for the measurements.

vibration of sidechain terminal -SO3 and

32,33,35

C-O-C  groups, provides an
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excellent marker for quantitation of ionomer dispersion concentration change during film
development.
Building on this latter advantage, the band intensity at 1058 cm™ (pATRioss) can be correlated

to the ionomer molar concentration (C) using Beer’s law: pATR = & d.¢s C, where ¢is the molar

extinction coefficient and dey is the effective light penetration depth, or pathlength into the
sample.!® If C is expressed as the ratio of ionomer moles to Vgoption. the Beer’s law relationship
can be rearranged to give:

PATR™ = k' + k" Vsowent )
where Ve, pent 18 the solvent (water in this case) volume and k' and k"' are constants, with k'
proportional to the ionomer volume (V;pnomer) contribution. (Note: Vsotion = Vsowent +
Vionomer -)

When the rate of solvent loss (a) is fixed, the change in solvent volume with time, ¢, can be
written in terms of the initial solvent volume (V) ent) 88 Vsowent = Vepiwent — Gt - Substituting
into Eq 2 gives:

pATR™ = k' + k" V2, one — K''a t. 3)
Eq 3 shows a plot of pATR™! versus time is expected to decrease linearly with a slope proportional
to the solvent evaporation rate.

The black symbols in Figure 3 plot (pATR0s3)"! with time for the data in Figure 1. The roughly
linear response between the start of data collection up to the 24 h point reflects the loss of solvent
according to Eqs 2 and 3. The trend is similar to the ionomer droplet mass changes displayed in
Figure 2, with the longer ATR FTIR data collection period ascribed to the different experimental

platforms and solution volume requirements. Beyond the initial 24 hour period, (pATRoss)™!
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begins to change more slowly. Mapping the response to the wt % scale (Figure 3, blue symbols)
shows the ~34.2 + 3.9 wt % critical gelation point® is encompassed within the 24 h - 26 h range.
In Figure 3, as a first step to determining the ionomer wt % values displayed (blue symbols),
ionomer molar concentration was estimated from pATRioss using Beer’s law. The initial (¢ = 0)
sample molarity derived from the ionomer equivalent weight (1100 g/eq) and the measured sample
mass percent (4.8 wt %) and density (1.02 g/mL) was used as a calibration point. Since the ionomer
mass remains constant throughout an experiment, changes in pATRioss correlate directly to
changes in Vs, ti0n, €nabling estimation of dgjspersion and ionomer wt % at each time point.
Inspecting Figure 1 further, at the 24 h point a low frequency shoulder becomes evident on the
1232 cm! and 1158 c¢cm™ bands, and at longer times, the relative intensity of the two peaks
undergoes marked changes. Given the bands trace to signature ionomer backbone C-F stretching
vibrations,?-* the changes through the spectral region provide additional evidence for increasing
ionomer aggregation and development of the hydrophobic, fluorocarbon-rich regions that are
precursors to the ionomer film structural framework. It is important to note, however, the
transformation of the aqueous dispersion to the aggregate-rich gel-phase is accompanied by
refractive index variations that affect infrared beam propagation at the sample-ATR crystal
interface and can cause distortion in strong absorption bands.!®!® To demonstrate the impact of
ATR sampling distortion, FTIR transmission spectra were recorded of the dilute dispersion and
condensed film (Figure S4). Transmission infrared cells are designed to minimize light reflection
and ensure vibrational band positions and line shapes represent sample characteristics with only
nominal perturbations.*®->" Figure S4 shows that the dilute dispersion and thin condensed film
FTIR spectra of Nafion are similar, and in particular, the spectrum of the densified film lacks the

strong shifts in the C-F stretching bands toward low frequencies that are evident in the ATR FTIR
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spectra. The spectra in Figure S2 generated from electromagnetic field calculations provide further
confirmation of the optical effects. The calculated spectra for the 20-um and 50-um films indicate
the types of band distortions that can be expected to develop in performing ATR measurements on
densified Nafion films having thicknesses greater than the evanescent wave penetration depth.
These calculated spectra are in good agreement with the experimental ATR FTIR spectrum of the
fully condensed film. Furthermore, having comparable features through the C-F stretching region
in the dilute dispersion and thin condensed film transmission spectra is consistent with the
insensitivity of mid-FTIR spectra to structural ordering in PTFE.** Although optical dispersion
distortion makes it difficult to derive structural information from ionomer framework spectral
features in the ATR FTIR spectra in Figure 1, the onset of the strong spectral variation through the
C-F stretching region is useful as it signals gel-phase development and provides another marker

for the dispersion-to-gel phase transition
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microscopy measurements that followed Nafion thin
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worthwhile to mention that spectra sketch depicts the confocal Raman microscopy
sampling configuration.

appreciably, but produced an upshift in the

1058 cm™ band characteristic of -SOs
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identical to those in Figure 1 were recorded in measurements on H" exchanged ionomer dispersion.
Upon drying the solid membrane (> 32 h, Figure 1) under a flow of N> gas, H" exchanged samples
displayed additional bands near 1412 cm™! and 910 cm™! signaling -SOsH formation.>>>3

3.4. Confocal Raman microscopy measurements. The trends depicted in Figure 3 also are evident
in the intensity variation of the hydration sensitive, sidechain end group vibration near 1058 cm'!
derived from Raman spectra that monitor the drying of an individual Nafion dispersion droplet
(Figures 4 and SS5). Since Raman scattering intensities (/) scale directly with analyte
concentration,>* (I)"! is expected to have the same functional form as (pATR)™! defined in Eqns 1
and 2. The plot in Figure 4 tracking the Raman scattering in the peak at 1058 cm™! (Z10ss) initially
decreases in accord with Eq 2 and, similar to the trend in Figure 3, begins to deviate from the initial
linear response as the ionomer concentration in the droplet approaches the critical gelation point.
Compared to Figure 3, however, the (110s3)"! data points at early times have considerably greater
scatter and the rate of decline in the vicinity of the critical gelation point appears to become faster
rather than slower. The differences in variance in the data at early times reflects a limited ability
to detect Raman signals from ionomer at dilute dispersion concentrations and complications from
fluctuations in concentration gradients that develop within the evaporating droplet (vide infra).
The infrared absorption measurements (Figures 1 and 3) achieve better detection limits for ionomer
in the dilute dispersion. Nevertheless, the confocal Raman measurement has the potential for
greater flexibility in the selection of vibrational bands for analysis, since Raman scattering at
visible frequencies avoids the deleterious optical effects inherent in ATR FTIR sampling. For
example, Figures S5 and S6 show the strong C-F stretching feature near 734 c¢cm™! remains
undistorted throughout the experiment and follows the time dependence of the 1058 ¢m™!' band

(Figure 4).
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Near the dispersion-to-gel phase transition point, the different responses for the techniques can
be traced in part to the effect of refractive index change within the sample on collection efficiency
in the confocal microscopy measurement.’> Transitioning from the dilute aqueous dispersion to
the ionomer film achieves a closer match to the immersion fluid refractive index (n = 1.51 near
647 nm). Refractive index matching at frequencies of the Raman excitation and scattered photons
reduces optical aberration and increases the radiation intensity within the confocal probe volume.>?
The resulting enhancement in spectral sensitivity is consistent with the steeper slope in the (Z1058)
! response as the dispersion passes through the 3.5 hour point in Figure 4. The slope change occurs
just ahead of the dispersion critical gelation point and, as discussed further below, the rapid change
in the water mass fraction.

A second factor that has potential to affect the Raman measurement is the small size of the
confocal probe volume (~ 5 fL)!%! relative to the droplet. Since the droplet changes shape and
can develop concentration gradients during drying,**44¢ Raman spectral features, particularly at
early drying times, can be affected by inner fluid convective flow and chemical heterogeneity. In
contrast, the cell design and volumes utilized in the ATR FTIR experiments ensured, like the
gravimetric studies, that measurements near the gelation point reflect properties of the composite
sample. Experiments are in progress to examine the sensitivity of confocal Raman microscopy to
variations in drying behavior at different spatial positions within an ionomer dispersion droplet
and the impacts of variable drying rates on ionomer film properties of importance to polymer
electrolyte energy conversion devices.!

Also notable, close to the endpoint in the Raman experiment (Figure 4), the sample plateau at
about 75 wt % is somewhat lower than expected based on the response recorded in the gravimetric

measurement (~85 wt %). The difference is traceable to the estimation of sample density (Section
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2.5) and breakdown in the ideal solution approximation as condensed film properties become
dominant. Beyond the gelation point, the mass % scale in Figure 4 underestimates the sample
composition.

3.5. Tracking water as a probe of gelation. Since the water spectral band intensities are directly
proportional to the water molar concentration in the dispersion,®* they provide another possible
means to track progress toward ionomer gelation. To test the sensitivity of this approach, the
behavior of the relatively narrow band for the water H-O-H bending vibration near 1645 cm™! was
scrutinized. The plots in Figure 5 were derived from the full ATR IR and Raman spectral data sets

reported (Figures 1 and S5, respectively). With water

] A B
1" el o 330t% 29wt % well in excess initially, the water concentration change
[ S .‘.-/ _.Il-........l
b - - ‘- = . . . .
. . P is slow at early evaporation times. However, Figure 5
g - 2w %
~ | Raman . - ATR FTIR shows the water spectral signal drops rapidly at the
[ ]
-
] Jaretes ™ Jootsau dispersion critical gelation point. The gravimetric data
B [ ]
0 2 4 6 0 10 20 30 from Figure 2, when expressed in terms of water
Time/h Time /h

Figure 5. Water H-O-H bending concentration (Figure 6A), follows the same trend.
vibrational band intensities (blue squares)

from (A) confocal Raman microscopy and  The responses in Figure 5 and 6A can be understood
(B) ATR FTIR spectra. See Figures 3 and

4 for details. The arrows indicate the

) _ from a simple simulation of the gravimetric
1onomer 33 wt % point.

experiment (Figure 6B). Figure 6B tracks the water concentration in an initially 5 wt % ionomer
dispersion as water evaporation occurs at a constant rate of 0.33 mg/min, close to the rate observed
in Figure 2. The simulated results show a sharp decline in the water mass fraction is expected when
the ionomer reaches approximately 1/3 of the total dispersion mass, or when Eq 1 = 33 wt %. This
ionomer fraction is within the range of the critical gelation point for the aqueous dispersion (34 +

4 wt %). Thus, the roughly constant water evaporation rate from the dispersion observed in the
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ATR FTIR, Raman and gravimetric experiments considered leads to the rapid change in water
concentration, and hence measured signal, near the critical gelation concentration. In Figure 5A,

the included filled circular symbols indicate
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Figure 6. (A) Plot of water concentration as a function dehydration.27’56 The transition occurs well
of time derived from the Nafion ionomer dispersion
data in Figure 2. The points closest to the gelation
transition (~34 wt %) are indicated in each plot. In A,
the red circles and upward black arrow indicate the
transition near 5.5 min in the hydration sensitive 1058
cm™ feature to 1067 cm™. (B) Simulated plot of water
concentration versus time (foz a constant ?ate of water solvated  through  the  gel-phase, as
loss from an aqueous ionomer dispersion sample o

initially at 5 wt %. The arrows indicate the ionomer ~ anticipated.

33 wt % point.

beyond the critical gelation point and

indicates the sulfonate groups remain fully

4. Conclusions

In the study of aqueous Nafion ionomer dispersions, ATR FTIR spectroscopy and confocal Raman
microscopy are sensitive to the vibrational modes of ionomer particles and report progress during
the transformation to gel and solid membrane phases. The well-resolved peak near 1058 cm!
associated with coupled motions of the Nafion sidechain C-O-C and -SOs3™ groups®?2*% is a
sensitive probe of gel-phase development. In ATR FTIR measurements, the persistence of
hydration water in the vicinity of the sidechain end groups helps maintain a constant local solvation
environment that limits optical distortion in the 1058 cm™! peak as the ionomer assembles into the

phase-separated framework structure of the solid membrane. Confocal Raman microscopy offers

17



a unique advantage in enabling spatial probing within a drying dispersion droplet, and thus, the
potential to detect ionomer concentration gradients**#**4® that can impact homogeneity of thin
ionomer films vital to the operation of polymer electrolyte fuel cell and electrolyzer devices and
chemical sensing platforms. Both vibrational spectroscopy techniques predict trends in
evaporative water loss and entry into the gel-phase consistent with expectations of gravimetric

measurements and earlier studies®:!2

of Nafion ionomer dispersion properties. Dependent upon the
solvent, critical gelation concentrations for Nafion ionomer dispersions have been reported to vary
from 4 wt% to 56 wt% (2 vol% to 40 vol%) and to correlate with the tensile toughness of cast
films.? The reported findings demonstrate new approaches to investigate these solvent effects and

motivate more quantitative studies that include control of sample temperature and surrounding

gas-phase composition.
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