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Introduction

Phase segregation of sulfonate groups in Nafion
interface lamellae, quantified via neutron
reflectometry fitting techniques for multi-layered
structurest

Steven C. DeCaluwe,®® Paul A. Kienzle,® Pavan Bhargava,* Andrew M. Baker®®
and Joseph A. Dura*®

Neutron reflectometry analysis methods for under-determined, multi-layered structures are developed and
used to determine the composition depth profile in cases where the structure is not known a priori. These
methods, including statistical methods, sophisticated fitting routines, and coupling multiple data sets, are
applied to hydrated and dehydrated Nafion nano-scaled films with thicknesses comparable to those
found coating electrode particles in fuel cell catalyst layers. These results confirm the lamellar structure
previously observed on hydrophilic substrates, and demonstrate that for hydrated films they can
accurately be described as layers rich in both water and sulfonate groups alternating with water-poor
layers containing an excess of fluorocarbon groups. The thickness of these layers increases slightly and
the amplitude of the water volume fraction oscillation exponentially decreases away from the hydrophilic
interface. For dehydrated films, the composition oscillations die out more rapidly. The Nafion-SiO,
substrate interface contains a partial monolayer of sulfonate groups bonded to the substrate and a large
excess of water compared to that expected by the water-to-sulfonate ratio, A, observed throughout the
rest of the film. Films that were made thin enough to truncate this lamellar region showed a depth
profile nearly identical to thicker films, indicating that there are no confinement or surface effects
altering the structure. Comparing the SLD profile measured for films dried at 60 °C to modeled
composition profiles derived by removing water from the hydrated lamellae suggests incomplete re-
mixing of the polymer groups upon dehydration, indicated limited polymer mobility in these Nafion thin
films.

materials that can be determined from their composition and
density. The technique measures the intensity of a reflected

Thin films play a vital role in a diverse array of advanced tech-
nologies, including electronics, magnetic data storage,
batteries, fuel cells, pharmaceutical research efforts, and
genetic sequencing devices. Such technologies benefit greatly
from detailed structural information regarding the thin films
involved. Reflectometry (using either neutron or X-ray probes)
provides this structural characterization in the form of a depth
profile of the scattering length density (SLD), a property of
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beam as a function of the grazing incident angle 6, often
expressed as momentum transfer, Q. Neutron Reflectometry
(NR) is widely used and has been successfully applied to the
study of thin-film structures in polymers,’ magnetic mate-
rials,*® biological membranes,”*® and recently to the study
lithium battery electrodes,'”*® to name a few examples. NR can
provide sub-zingstrém precision for the thickness of layers
typically greater than approximately 1.5 nm,"" is sensitive to
lighter elements than X-ray reflectometry and, given the isotope
sensitivity of neutrons for many elements (including Li and H),
can provide specific depth profiles of their concentration or can
identify sources or processes that incorporate these elements
into the thin films. Furthermore, neutrons are non-perturbing
and can transmit with little attenuation through many solids,
making NR particularly advantageous for in situ measurement
of samples in non-ambient sample environments."**¢1%2223
Despite its many advantages, NR data can at times be difficult
to analyze quantitatively. Similar to diffraction experiments,
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phase information is not measured in a single NR measurement.
Although it is possible to obtain the neutron wave phase and
directly invert NR data in a mathematically rigorous manner for
some measurements,'>**>" this is not generally possible, so NR
data are typically fitted to model SLD profiles.”® These models can
be specified by any number of analytical or free-form expressions,
but are typically expressed as a series of thin film layers, each with
specified thickness, interface width, SLD, and absorption
parameter, with the fitting parameters adjusted to minimize the
x> goodness-of-fit statistic. While this approach is mature, widely
used, and convenient, obtaining a good fit to a single data set
only proves that the NR data is consistent with the proposed SLD
profile, but is not sufficient to rule out symmetry-related solu-
tions that may fit the data equally well. In addition, correlations
between fitting parameters can complicate uncertainty estima-
tion for these parameters. This is particularly problematic for
structures with many layers, where there are larger numbers of
fitting parameters. While a priori knowledge of the intended
structure is often useful to eliminate some symmetry related fits
and limit the range of the fitting parameters, in some classes of
samples this knowledge is unavailable. Finally, determining SLD
profiles for multi-layered samples may be inherently impossible
if the samples consist of many similar layers such that some
layers do not produce unique features in the data.

We describe here the analysis of NR data for samples with an
unknown number of spontaneously formed layers, where there is
no a priori information about either the composition of layers or
the multilayer structure. Such structures are common in NR
measurements, such as those involving chemical** and electro-
chemical'” surface reactions and the spontaneous ordering of
polymers.**>** The methods described here are used to fit NR
data from multi-lamellar interfacial water structures in Nafion®*
thin films deposited on SiO, substrates, as described previously,*
in order to elucidate what can be determined about the lamellar
structures, how accurately we can know these structures, and
what this indicates about phase-segregation in Nafion thin films.
Nafion is composed of hydrophobic, PTFE-like backbone fluo-
rocarbon chains and hydrophilic, sulfonic-acid terminated flu-
oro-ether side-chains. These two phases are known to segregate
when Nafion is hydrated, with hydrated sulfonic acid side-chains
forming nano-phase domains in a PTFE-like polymer matrix. The
exact structure of these phases is still debated in the literature,
including interconnected networks of inverted micelle clusters,>*
cylinders with either polymer?®® or water*” in the center, branched
cylindrical domains**** and bundles of parallel cylindrical water
clusters.” It has been established that the phase-segregation
takes a multi-lamellar form at the interface between Nafion and
SiO,, while a single water-rich layer exists at Nafion's interface
with metals such as Pt and Au.!

Such structures can have important implications for trans-
port,** kinetics, and degradation pathways in polymer electro-
lyte  membrane fuel cells (PEMFCs), particularly near
hydrophilic additive particles* or in the catalyst layer, where
thin layers of Nafion ionomer (1 to 100 nm, typically****) coat
catalyst particles and carbon supports. The properties of the
ionomer here are significantly influenced by the interfaces with
the catalyst, support, and vapor phases, and can deviate
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significantly from bulk Nafion properties. By studying films in a
similar thickness range (5 to 50 nm), this study probes the
nature of Nafion hydration and lamellar phase segregation in
dimensionally-confined layers to determine the structure of the
lamellae and the total number of lamellae present.

Two films with equivalent Nafion thicknesses 42 nm (sample
t42) and 5 nm (sample t5), are reported. For t42 we apply two
approaches, Bayesian statistics and a damped oscillator model
to determine the extent of the lamellar region, i.e. the number of
interfacial lamellae that are distinct from the bulk-like
morphology present further from the interface, in both highly
hydrated and dehydrated states. Sample t5 was prepared with a
thickness similar to that of the total lamellar region, in order to
probe the potential influence of confinement and surface
ordering on the decay of lamellar ordering away from the
interface. Additionally, we take advantage of the simpler layered
structure of this sample and isotopic contrast variation of the
water to determine, in greater detail, the composition depth
profile in the lamellar region at the level of Nafion components,
i.e. the fluorocarbon chains and the sulfonic acid groups.
Finally, a comparison of the two results sheds light on the
origins of the residual lamellar structure in the dehydrated
sample. These investigations are part of a larger exploration of
PEMFC ionomer hydration with varying film thickness, the
subject of a forthcoming publication.

Results and discussion

Bayesian analysis: sample t42 - 42 nm equivalent Nafion
thickness

NR data for sample t42 measured at two relative humidity (RH)
values, 92% RH (humidified with H,0) and 0% RH vapor after
complete drying, are shown as the discrete points in Fig. 1.
Unless otherwise noted, error bars for a given data point and
reported uncertainties represent tone standard deviation. The
high-Q peak corresponding to the multi-lamellar water struc-
ture at the Nafion-SiO, interface is clearly observed at Q = 2.0

10° F , . . 1
102 | — 92% RH (H,O vapor) ]
— 0% RH (Ar gas
> o RH (Ar gas)
’S‘ 10-4 L
=
Q
= 6
5 107 F
[
10-8 L
-10
10760 1.0 2.0 3.0 4.0

Fig.1 NR data and best fits for moderately thin Nafion sample t42, as
measured in 92% RH with H,O vapor in Ar carrier gas, and 0% RH (dry
Ar gas).
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nm™ " for 92% RH. At 0% RH, the high-Q peak is still observable,
but has shifted out to Q = 2.3 nm™ ", indicating a thinner
structure, and has smaller amplitude, indicating a structure
that has less SLD contrast with its surrounding layers (i.e. less
water).

These data sets were fit independently using Refl1d* to
models which included Si and SiO, substrate layers, a variable
number of alternating water-rich and water-poor Nafion layers,
followed by a thicker Nafion layer (where the phase segregation
is 3-dimensional in nature, likely the same as in bulk Nafion
membranes, and is averaged in the plane parallel to the
substrate in specular reflectometry). Henceforth, the sheet-like
phase-segregated layers at the Nafion-substrate interface are
referred to as “the lamellae,” while the term “layers” applies
more generally to all sample layers (including substrate, native
oxide, and bulk-like Nafion). The SLDs of the substrate and
native oxide layers were held fixed at the known bulk values,
while the thickness and surrounding interface widths of the
native SiO, layer were fit. So that Refl1d could robustly sample
the parameter space, the number of fitting parameters was
reduced by using a common value for the interface widths
between the lamellae, since the scattering is least sensitive to
differences in those individual parameters. For this series of
models, the “independent lamellae models,” the SLDs and
thicknesses of the individual lamellae were varied indepen-
dently (another approach is discussed below). For the bulk-like
Nafion layer, the SLD, thickness, and Nafion-vapor interface
width were all fit. The SLD values of each Nafion-containing
layer (lamellae and bulk-like layer) were modeled as a combi-
nation of the SLDs for water and dry Nafion (SLDy,0 = —0.56 x
10~* nm™?, SLDyagion = 4.16 x 10~ * nm™?);

SLD = SLDHZO Vwater + SLDNaﬁon VNaﬁon (1)

where V; represents the volume fraction of species j. Requiring
that the volume fractions sum to 1:

SLD = SLDy,o(1 = VNafion) * SLDNafion V'Nafion (2)

allows Vafion to replace SLD as the fitting parameter for each of
these layers.

The use of eqn (2) assumes that the density and composition
of the dry Nafion ionomer are bulk-like in all layers, which may
not be valid, particularly in the lamellae. To relax this
assumption, Vyafion is allowed to vary between 0 and 125%,
which is non-physical but increases the SLD upper limit to 5.34
x 10~* nm™? to capture any potential variations in SLDyagon-.
The interpretation of Vnafion > 100% is discussed in greater
detail below, with regard to sample t5.

Fig. 2 shows the reduced x> and Bayesian Information
Criterion (BIC) values vs. the number of fitting parameters for
the independent lamellae models as filled points. As described
in the Experimental methods, for models with different
numbers of fitting parameters, the BIC determines whether any
changes in goodness-of-fit for an increased number of fitting
parameters are statistically meaningful. The insets focus on the
best of these models, and include the number of lamellae for
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Fig.2 Reduced x2 and BIC values for models with varying numbers of
lamellae, fit to sample t42 for (a) data taken in 92 % RH; (b) data taken in
0% RH. Red shaded bands in the insets show the lowest BIC value + 6,
indicating the range of acceptable fits.

each model on the upper x-axis. For fits to the 92% RH data, the
x> values decrease continuously up to 5 lamellae (20 parame-
ters) and approach an approximately constant value after that.
The corresponding BIC values have a minimum at 6 lamellae.
The poorer fits for models with fewer than 4 lamellae (larger x>
values) are evident from comparisons of the fitted reflectivity to
the data (shown in the ESI Fig. S2f), most notably due to
decreasing amplitude of the high-Q lamellar peak with
decreasing number of lamellae. Simulated NR data sets from
models with 4 or more lamellae appear similar to one another,
in accord with the small differences in x> for these models.

In the fits to the 92% RH data, the SiO, parameters were
found to vary insignificantly with the number of lamellae and
therefore the values from the best fit were adopted and held
fixed when fitting the 0% RH data, giving these models 3 fewer
fitting parameters. The 0% RH x> values decrease rapidly with
increasing number of lamellae through 3 lamellae, and much
more slowly to 6 lamellae. The 3-lamellae model has the
minimum BIC value. Simulated NR data from models with
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fewer than 3 lamellae (Fig. S31) show a poor match to the
measured data in the region of the residual high-Q peak.

While x> approaches a constant value and a minimum is
observed in the BIC, it is possible that better fits (lower x) exist
for models with greater numbers of lamellae, but are not
identified because the large number of parameters can make
the global minimum in x? difficult to locate. To test whether a
greater number of lamellae could significantly improve the fits,
a model was formulated to reduce the number of fitting
parameters by sacrificing the ability to vary lamellae composi-
tions and thicknesses independently. As described by Dura,
et al.,* the lamellae begin with a water-rich lamella adjacent to
the native SiO,, after which Nafion-rich and water rich lamellae
alternate with a composition amplitude that decreases toward a
midrange water content in the bulk-like layer at the surface.
This is similar to decaying composition modulations seen in
block copolymers.*® The lamellae's composition profile was
thus modeled as a damped oscillator, with the composition of
the lamellae decaying exponentially toward the bulk layer
composition:

VNt puk — AV, €7 7w
VNaf m —mON .
VNatpuik +AVN € m is even

m is odd

(3)

where m = 1 corresponds to the lamella adjacent to the native
SiOy, Vnaf,bulk is the fitted Nafion volume fraction of the bulk-
like layer, AV, is the maximum deviation from the bulk
composition for each type of lamella (k = w for water-rich
lamellae, k = N for Nafion-rich lamellae), and oy is the expo-
nential rate of decay toward the bulk composition for each type
of lamella. AV and oy values are constrained so that the volume
fraction is between 0 and 125% for all lamellae, as was done for
the independent lamellae models. The lamella thicknesses were
modeled according to the following:

Tyo X v," mis odd
Tm = m :
Tno X YN m is even

(4)

where Ty, serves as a “baseline” thickness for the Nafion- or
water-rich lamellae, and vy is a geometric rate of thickness
change. (Note that other models for thickness change could be
implemented with an equal number of parameters, such as a
linear series T, = Ty + m X AT). As before, the SiO, param-
eters for fits to the 0% RH data were fixed at those from the best
fit to the 92% RH data. Compared to the independent lamellae
models, this “damped oscillator” (DO) model determines the
lamellae SLD profile using 9 parameters - the same number of
parameters used in the 4-lamellae model, above - but allows an
arbitrary number of lamellae, with no additional ‘penalty’ in the
BIC for additional lamellae. The number of lamellae is theo-
retically unlimited, although in practice the sum of the lamella
thicknesses must be less than the total sample thickness. The
DO model was run with 11 lamellae, which was found to be
more than sufficient. The “correct” number of lamellae sup-
ported by the data is found by counting those with SLD values
that differ significantly from that of the bulk-like outer Nafion
layer. BIC and reduced x> values for this fit are included in Fig. 2
with open symbols, which demonstrate an improvement the fit
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of the 92% RH data. While the x> value for the DO model is
higher, the small number of parameters reduces the BIC value
(507.6) below that of the 6-lamellae model (510.9). The
increased model complexity for the 6-lamellae model is there-
fore not justified by the minor improvement in x> (1.22 vs. 1.27
for the DO model).

For the 0% RH data, the DO model does not improve the fit.
The model with 3 independent lamellae remains better by a
small factor (BIC = 304.6 vs. 306.6 for the DO model), despite a
x> value (0.74) that is marginally higher than for the DO model
(x> = 0.71). A BIC difference greater than 6 between two fits
presents a “strong” case for rejecting the fit with the higher
BIC.* The shaded bands in the Fig. 2 insets include the lowest
BIC + 6 for each data set; any BIC values within this band
therefore represent fits that are statistically not strongly
distinguishable from one another. For 92% RH, both the DO
and 6-lamella models represent acceptable fits to the data.
Similarly, the DO and 3-lamella models both give acceptable fits
to the 0% RH data. The solid lines in Fig. 1 are the best fits from
these models (3-lamellae model for 0% RH and the DO model
for 92% RH) and show good agreement between the models and
the data.

Although models were not fit simultaneously to the 92% and
0% RH data, post-fit material balance calculations demonstrate
the remarkable consistency between the two best fits in the total
amount of Nafion, represented here by the equivalent Nafion
thickness, tnar = D t;Vnat,, Summed over all i Nafion-containing
layers. The tyar values were equal for the two RH conditions: tya¢
= 43.19[42.87, 43.40] nm for 92% RH and ty.r = 42.43[42.16,
42.91] nm for 0% RH, affirming the accuracy of both the fit and
the measurement technique. (Throughout this paper, numbers
in brackets represent the 68% confidence intervals, the calcu-
lation of which are described elsewhere.”*%)

The SLD profiles for the models deemed acceptable by the
BIC analysis (as indicated in the Fig. 2 insets) are compiled in
Fig. 3. Solid lines show the SLD profile for the best fit, while
shaded regions show the 68% confidence intervals for each
model, as described elsewhere.'”*> Because SLD profiles have an
arbitrary z-offset, they are shifted in z to co-align them on the
center of the SiO, layer. Insets expand the lamellar region - note
that the first high SLD layer, centered at z = 0 nm, corresponds
to the native SiO, (SLD = 3.47 x 10~ nm™?). Despite the
varying numbers of lamellae modeled, the SLD profiles are
remarkably similar. The major exception is the best fit for the 6
lamellae model, which includes high interfacial widths on
either side of the native SiO, layer and lower interfacial widths
between the lamellae, compared to both the confidence interval
bands for both models and to the DO model best fit. It is highly
unlikely that the inter-lamellar interfacial widths will be lower
than the SiO, interfacial widths (particularly the very smooth
surface of the SiO,, verified by numerous prior NR measure-
ments). The similarity in the x> values for the two best fits -
despite quite different interfacial widths - demonstrates the
limited sensitivity of NR to which width is assigned to which
interface. This validates the use of a common interface width
for all the lamellae, as discussed prior. The interfacial widths of
the 6 lamellae model best fit are therefore presumed to be

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 SLD profiles for models with varying numbers of lamellae fit to sample t42. (a) 92% RH; (b) 0% RH. Solid lines show best fits and shaded
regions show 68 % confidence intervals. Dashed lines in the inset are projections of the 68% confidence interval for the SLD of the bulk-like outer
Nafion layer, which demonstrates that the 92% and 0% RH profiles have 6 and 3 lamellae, respectively, that are distinct from the bulk-like layer.

anomalous, and those given by the 68% confidence intervals
and the DO model best fit are assumed to accurately depict the
SLD profile. The narrow confidence intervals and close agree-
ment between the various models in Fig. 3 demonstrate that the
lamellae thicknesses and compositions are determined with
high precision. Together these facts add confidence that within
the context of lamellar models of the SLD profile, the envelope
given by the combined 68% uncertainty for the various models
accurately describes the lamellar structure at the Nafion-SiO,
interface.

The dashed lines in the Fig. 3 insets represent the 68%
confidence interval of the bulk-like outer layer SLD for each DO
model fit, allowing direct comparison to the lamellae SLDs. At

92% RH, the DO model shows 6 lamellae with SLDs that are
distinct from the bulk Nafion layer (i.e. those for which the 68%
confidence interval of the lamella SLD has no overlap with that
of the bulk-like Nafion SLD [3.41, 3.48] x 10~ * nm 2, which
corresponds to 14-16% water by volume). At 0% RH, the DO
model shows roughly 3 lamellae with SLDs that vary signifi-
cantly (as described above) from the bulk layer (SLD = [4.06,
4.18] x 10~* nm™>). The number of distinct lamellae in the
profiles agree with the BIC analysis of the independent lamellae
models in Fig. 2, lending further support that the 6 and 3
lamella models accurately describe sample t42 at RH = 92% and
after drying. As shown in Fig. 4 and S5, the lamellae get thicker
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Fig.4 Simultaneous fitting for ultra-thin Nafion sample t5, measured in Ar gas humidified to 92% RH by H,O or D,O. (a) NR data is shown by data
points, with simulated NR from fitted SLD profiles overlaid. Black dashed lines show the simulated NR from the atomistic physical model given by
the solid line in Fig. 6a. (b) Fitted SLD profiles, with t42 lamellar SLD profile (green dashed line) overlaid for reference. For both figures, solid lines

show best fits while shaded regions show 68% confidence intervals.
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as the lamellar order relaxes toward bulk nanophase structure
away from the interface.

Simultaneous fitting: sample t5 - 5 nm equivalent Nafion
thickness

Having determined the extent of the lamellar region, the Nafion
thickness for the second sample was chosen to be less than this
thickness and therefore truncate the lamellar region, in order to
investigate if the lamellae are altered by proximity to the surface
and to provide greater sensitivity to the lamellar structure in
order to more accurately determine the molecular phase-
segregation in this region. The NR for t5 was taken in 92% RH in
both H,O and D,O vapor (the blue and red data points in
Fig. 4a) for two advantages. Doing so provides an additional
constraint to allow an independent determination of the water
depth profile independent of any assumptions about the
remaining material. This approach also differentiates between
various symmetry-related SLD profiles*® (see the ESIf for
examples) by requiring a model that fits both the H,O and D,0
measurements. The two data sets were fit simultaneously in
Refl1d, using the same model as for sample t42, with up to 6
lamellae and an optional bulk-like Nafion layer. Substrate-
related parameters were set to be equal between the two models,
as were the thicknesses and interfacial widths of the Nafion
layers.

Simultaneous fits which set the Nafion SLD equal to the bulk
value (SLDyaion = 4.16 x 107" nm™?) and employed SLD
constraints to enforce equal water sorption from H,O- and D,O-
humidified vapor did not return suitable goodness of fit,
yielding summed x? values > 14. Subsequent fits allowed each
lamella's SLD for fits to D,O and H,O data to vary independently
of one another, but retained lamellae thickness and interfacial
width constraints. The data were best fit by a model with 4
lamellae with no bulk-like Nafion layer at the surface, as shown
in Fig. 4b. The solid lines and shaded regions in Fig. 4a are the
calculated NR for the best fits and the 68% confidence intervals,
respectively, which show an excellent fit to the measured data,
with a summed x? value of 2.07. For reference, the best-fit SLD
profile of the lamellar region of sample t42 is overlaid as a
dashed green line in Fig. 4b. The thickness and SLD values of
the lamellae are remarkably similar for these samples with
fundamentally different total Nafion thicknesses. This indicates

Table 1 Nafion volume fractions (%), assuming lamellae consist solely
of Nafion and water, and that samples absorb H,O and D,O equially.
The significant differences between the two humidifying isotopes and
the non-physical volume fractions (>100%) imply that the first
assumption is invalid. Numbers in brackets represent 68% confidence
intervals

VNafion (0/0)

Lamellae # H,O-humidified D,0-humidified

1 10.68 [10.68-37.71] 5.27 [0.0-43.64]

2 105.28 [101.27-108.01] 80.09 [76.82-86.82]

3 51.14 [41.96-59.09] 105.59 [79.55-112.77]
4 87.82 [82.18—96.19] 110.27 [87.27—116.82]
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not only the lack of finite size effects on the lamellar structure
but also the accuracy of the measurement, model, and best fits.
The SLDs of the water-rich lamellae are slightly lower (more
water) in the truncated sample, although the water-rich
lamellae closest to the substrate are within the 95% confidence
intervals of one another. The lower SLD of the third and fourth
lamellae of the truncated sample is due to surface roughness.
Physical interpretation of the fitted SLD profiles can provide
insight into the nature of phase segregation in Nafion near the
SiO, interface. The poor fits obtained when the composition
was constrained between the two models imply that either H,O
and D,O are absorbed differently by the lamellae, or that the
lamellae do not consist solely of water and bulk-like Nafion.
Table 1 lists the Vnafion Values that correspond to the lamellae in
each model in Fig. 4, according to eqn (2), with SLDyafion
calculated according to the bulk density of dry Nafion. While a
slight difference in absorption of the two water isotopes is
possible or even likely,** it seems unlikely to explain the
large differences in Vyafon Observed between the two models
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Fig.5 Nafion composition depth profiles for sample t5. (a) Non-water
SLD profile (black). SLD profiles for the fits to H,O-(blue) and D,O-
humidified (red) films are shown for reference. Solid lines show best fits
and shaded regions show 68% confidence intervals. Dashed lines show
known SLDs for constituent molecular groups. (b) Volume-fraction
depth profile for the physical model. Here, Nafion bonds to the SiO,
substrate via the SOzH side-chain terminal groups, with the side-
chains stretched across the water-rich first lamella.
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(Table 1), particularly given some of the non-physical volume
fractions and the lack of a consistent relationship between
VNafion,i,0 aNd Viafion,p,0- Furthermore, large differences in
water absorption would also result in different lamellae thick-
nesses between the two models, which were not needed to
obtain nearly ideal fits.

Instead, assuming equal uptake of H,O and D,O allows for
analytical calculation of the water volume fraction depth profile
and an independent determination of the material properties of
the “non-water” phase. At a given depth z the fitted SLD in the
H,O0 and D,O vapor data sets is assumed to consist of “water”
and “non-water” portions, relaxing the assumption that the
non-water portion is bulk-like dry Nafion:

SLDﬁtﬂk(Z) = Vwater(z) X SLDknown,k
+ [1 - Vwater(z)] X SLDnon-water(Z) (5)

where SLDg i(2) is the fitted SLD at depth z for humidifying
vapor isotope k (k = H,O or D,0) and SLDynown,k is the known
bulk SLD for the isotope k. Assuming that Ve:(2) is the same
for the H,O- and D,O-humidified samples gives the depth-
dependent water volume fraction:

_ SLDsit1,0(2) — SLD¢it p,0(2)
SLDknown,H:O - SLDknowu,DZO

Vwater (Z ) (6)

By substituting Viaer from eqn (6) back into eqn (5) (for
either isotope), one can also determine the SLD profile of the
“non-water” portion.

The black line and shaded region in Fig. 5a show the SLD
depth profile of the non-water portion of the material according
toeqn (5) and (6) (the Si and SiO, layers are removed, for clarity).
The fitted SLD profiles from Fig. 4b are included, for reference,
along with horizontal dashed lines that indicate bulk SLD
values for various constituent molecules, including H,O and
D,0, the dry 1100 equivalent weight (EW) Nafion, and one way
of partitioning Nafion into separate subcomponents: fluoro-
carbon groups (FC - the PTFE backbone, (C,F,),~C,F3, with x =
6.56 for 1100 EW Nafion, plus the non-sulfonic acid portion of
the side-chain, C5F;,0,, which is mostly fluorocarbon, SLDgc =
4.77 x 10~* nm™?) and the sulfonic acid side-chain terminal
groups (SO;H, SLDso 1 = 1.1 X 10~ * nm™?). The non-water SLD
profile consists of 4 distinct lamellae with different SLDs, none
of which match that of bulk Nafion, indicating that the Nafion
composition is different in each lamella. Three plausible
interpretations for these SLD that differ from that of bulk
Nafion are that the Nafion polymer (1) becomes less dense,
characterized by incorporating un-filled pores/void space, (2)
has increased density due to crystallization, and (3) breaks
down into its constituent components, which segregate differ-
ently in the separate lamellae.

We next describe a model to interpret the SLD profiles from
the simultaneous fit as a composition depth profile for the ultra-
thin Nafion sample. Relating the non-water SLD profile in
Fig. 5a to a composition profile represents an under-determined
set of equations. In order to close the system of equations, the
non-water SLD must consist of no more than two phases with
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known SLDs at any given depth. The non-water phase can, in
general, be divided into three components: the fluorocarbon
chains and sulfonic acid groups that make up Nafion, and vapor
phase (SLD = 0) encroaching due to surface roughness. For the
two lamellae adjacent to the SiO,, where the non-water SLD is
greater than that of Nafion 1100, it is assumed that there is no
vapor since that would further decrease the non-water SLD
below the value for Nafion 1100 rather than raise it to the
determined values. In the two lamellae adjacent to the vapor
interface, the non-water SLD is less than that of Nafion 1100,
and the vapor phase must be included. The simplest assump-
tion to reduce the number of phases in these lamellae would be
that the other component is a combination of fluorocarbon
chains and sulfonate groups in the stoichiometric ratio for
Nafion 1100. However, as shown in the supplementary infor-
mation, this overall approach leads to deficit of sulfonate
groups for the first two lamellae and therefore for the sample as
a whole. While the global stoichiometry of the polymer can be
satisfied by adding SO;H groups to lamellae 3 and 4, adding
them to lamella 4 deviates from the likely conformation of the
Nafion polymer, given that the side chains are roughly 1 nm in
length and the associated FC groups in lamellae 1 and 2 are
located an average of 1.7 nm and 3.4 nm from lamella 4,
respectively. While lamella 3 lies at nearly the correct distance
from layers 1 and 2, the stoichiometry cannot be satisfied by
adding SOz;H groups to lamella 3 alone.

In order to create a model that preserves the overall and local
Nafion stoichiometry, an atomistic “physical model” based on
Fig. 5a and on current knowledge of Nafion phase segregation is
proposed. Model parameters are adjusted to be consistent with
the multi-contrast NR data in Fig. 4. The simple approach
described in the previous paragraph is modified in two ways;
sulfonate groups are added at the Nafion/native oxide interface
and in lamella 3 to satisfy the Nafion stoichiometry.

It is believed that Nafion is bonded to the SiO,, based upon
the fact that before annealing, Nafion spin coated onto SiO, will
readily dissolve in water, whereas annealing the film prevents
dissolution."** This bonding is presumably by an interaction
between the sulfonic acid and the SiO,.*>* Because of the large
deficit of SO;H groups in the water-rich lamella 1, the physical
model thus assumes that the FC groups in this lamella consist
entirely of side-chains (i.e. the hydrophobic backbone mole-
cules are excluded from the lamella), which stretch across the
lamella and bind the polymer to the substrate, terminating with
SO;H groups at the SiO, interface, with the remaining volume
filled with water. The volume of SO;H groups for this distinct
interface layer is determined from the volume of the FC in
lamella 1. In order to preserve the total sample thickness to
remain consistent with the NR data, the thicknesses of the
surrounding layers (native SiO, and water-rich 1st lamellae)
must be reduced when adding this interfacial layer to the
model. Any thickness removed from lamella 1 reduces the side-
chain volume, which in turn reduces the volume of SO;H
groups in the partial monolayer at the SiO, interface. For a given
number of SO;H groups, the actual thickness of this interfacial
layer will determine its composition (the ratio of SO;H to water),
and therefore its SLD. As described below, the thicknesses for
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Table 2 Summary of assumptions used in the atomistic physical model. “Interface” layer refers to the SOsH + water monolayer added at the

substrate/Nafion interface for this model

Layer Non-water SLD Porosity Vic and Vgo n

Interface Not calculated 0 Vic = 0. Vso,u calculated to preserve Nafion 1100
stoichiometry under the assumption that layer
1 FCs are side chains. Remainder is H,O

1 Center of 68% 0 Calculated from SLD;,op.water, @SSUMing porosity = 0

Cl in Fig. 5a

2 Best fit from Fig. 5a 0 Calculated from SLDjop.water, @SSUMing porosity = 0

3 Best fit from Fig. 5a 1 — Vaater — Vic — Vso,u Assumes that the polymer has the composition of
Nafion 1100, plus SO;H groups needed to preserve
Nafion 1100 stoichiometry of the overall sample

4 Best fit from Fig. 5a 1 — SLDpon-water/SLDNafion Assumes that the polymer has the

the native oxide, interfacial SO;H, and water-rich 1st lamella for
the physical model were fit to the NR data, resulting in an
interfacial layer that is 0.3 nm thick composed of 39.7% SO;H
and 60.3% water by volume (Fig. 5b) with 0.18 nm of the
thickness subtracted from lamella 1 and the remaining 0.12 nm
subtracted from the SiO,. This thickness and volume fraction of
SO;H corresponds to a partial monolayer with an effective
thickness of 0.12 nm (or 10.5 ng cm™?).

The FC volume of lamella 2 is then modeled as a combina-
tion of polymer backbones corresponding to the side-chains
from lamella 1, plus additional backbones and side-chains in
the standard ratio for Nafion 1100. Based on the total FC
content of lamellae 1 and 2, SO;H groups are added to lamella 3
to satisfy the total stoichiometry of lamellae 1 through 3. The
resulting composition profile is shown in Fig. 5b, and for clarity
the assumptions used to calculate the composition of each
lamella are summarized in Table 2. In this profile, the SO;H
groups in lamella 3 are distributed in such a way as to minimize
discontinuities in the SO;H and the vapor volume fractions at
the interface between lamellae 3 and 4. The vapor exists only in
the near-surface region and can here be interpreted as the result
of surface roughness.

The profile in Fig. 5b therefore preserves overall Nafion
stoichiometry and is consistent with the known lengths and
hydrophilic interactions of the Nafion constituents (FC and
SO;H groups). The distribution of FC and SO;H groups between
lamellae determined by the model assumptions turns out to
also be qualitatively consistent with the water content of each
lamella, i.e. water-poor lamellae have an excess of FC groups
(which are dominated by the hydrophobic PTFE backbone), and
the water-rich lamellae have an excess of the hydrophilic SO;H
groups. Quantitatively, the A values - the moles of water per
mole of SO;H - for lamellae 1 to 4 are, respectively, 34.6, 7.1, 5.4,
and 1.5. Because the polymer morphology varies between the
lamellae, and because of uncertainties in the determined
composition, the slight variations in A for lamellae 2 and 3
appear reasonable, but it is noteworthy that 4 in lamellae 1 is
considerably larger than for the other lamellae. The actual
solvation of the SO;H bonded to the substrate may be reduced
by the presence of the substrate, which blocks access of the
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water molecules to the SO;H, but is still likely higher than for
lamellae 2 through 4. One likely explanation is that the hydro-
philic SiO, substrate surface attracts additional water to this
interface. Previous measurements have observed water-rich
layers attracted to the polymer-SiO, interface for several other
systems which do not display the lamellar structure observed
here for Nafion.*>*® While lamellar phase segregation is there-
fore not necessary for such water-rich layers, the water volume
fraction observed for lamella 1 in this study (78%) is much
higher than in these previous studies (17-30%), indicating that

7t 1 &
a — D, O Humidified b o
— H,O Humidified | %

»nm OO T
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Fig. 6 Proposed atomistic physical model, based on composition
depth-profile in Fig. 5b. (a) SLD profiles for a partial fit to the physical
model (solid lines), compared to 68% confidence intervals for fits
to H,O- and D,O-humidified vapor from Fig. 5a (shaded regions).
(b) Nafion 1100 repeat unit, including both folded and un-folded
side-chain morphologies. (c) Illustration of physical model.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4sm00850b

Published on 23 June 2014. Downloaded by National Institutes of Standards & Technology on 16/06/2015 20:19:51.

Paper

the SiO, substrate and the polymer phase segregation likely
both influence the high water content observed here. This
additional water at the interface may explain how the substrate
hydrophilicity induces the lamellae, which are absent or less
prominent on substrates more hydrophobic than SiO, (as seen
in ref. 1, 55 and 57 and in unpublished measurements taken at
NIST where HF is used to remove the SiO, from the substrate).
Another possible explanation for the high A value in lamellae 1
is that the sulfonic acid at the substrate interface is more iso-
lated from the FC backbone and can be more highly solvated
with a reduced energy cost for swelling the polymer. For the
water-poor lamella 4, it is unclear whether the low 1 value is a
physical phenomenon, due to factors such as the hydrophobic
layer known to segregate to the Nafion surface in vapor envi-
ronments,** or whether it is simply an artifact of the
assumptions used to close the system of equations.

To explore the consistency of the physical model with the NR
data, a model with the composition profile shown in Fig. 5b was
constructed and the calculated NR was compared to the data.
Minimal fitting was performed: only the thickness of the
interfacial layer and how much of this thickness was subtracted
from each of the adjacent layers (i.e. the SiO, substrate and
water-rich first lamella) were varied. During fitting, the
composition of the interfacial layer was calculated as a function
of the thickness of the first lamellae, to maintain the stoichi-
ometry between the SO;H volume of this layer and the side-
chain volume in lamella 1, as described above. The resulting
SLD profiles (for H,O and D,O vapor data) are shown as solid
lines in Fig. 6a. The 68% confidence intervals of the fitted SLD
profiles from Fig. 4b are overlaid for reference. The simulated
NR data based on the fitted physical model are shown as black
dashed lines in Fig. 4a. These limited fits resulted in a summed
x* value of 3.40. While this is greater than that for the fits shown
in Fig. 4 (summed x> = 2.07), it is low enough to imply that the
model is consistent with the NR measurements, particularly
considering that there were only two fitted parameters.
Although a full re-fitting with this model would reduce the
summed x> further, the detailed element conservation
employed herein would increase the model complexity signifi-
cantly, and is beyond the scope of this work.

An illustration of the Nafion 1100 repeat unit, based quali-
tatively on previous atomistic simulations,**** is shown in
Fig. 6b; this repeat unit is used in an illustration of the proposed
physical model shown in Fig. 6¢. The illustration demonstrates
that the proposed bonding of SO;H side-chain terminal groups
to the SiO, substrate, with the side chains stretching across a
water-rich first lamella, is consistent with the known molecular
structure and length scales. Subsequent lamellae demonstrate
the alternating phase segregation between water-rich and water-
poor lamellae, with SO;H groups lining the interfaces between
these domains that is also consistent with this repeat unit, and
a monotonic increase in pore volume fraction in the two near-
surface lamellae due to surface roughness. This structure is
qualitatively similar to DFT simulations by Kendrick, et al.,**
and molecular dynamics simulation results by Borges, et al.*®
The proposed physical structure of the lamellae, where water-
poor lamellae consist almost entirely of PTFE-like backbones
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with side chains that extend outward into the water-rich (ionic)
domains, is also similar to the proposed structure and size of
Nafion crystallites.®” The formation of the lamellae may thus
represent a form of Nafion crystallization, where crystallites
orient in sheet-like lamellae aligned with the substrate surface.

While the model in Fig. 5b and 6c is thus consistent with the
NR data, the thin inter-lamellae interfacial layers are below the
resolution of the NR technique with the current sample cell. The
intent of the physical model is to interpret the SLD profiles in
Fig. 4b in a way that is simultaneously consistent with the NR data
and with the phase-segregation and bonding of hydrated Nafion.
It is important to reiterate that while this analysis of the non-water
composition profile is a reasonable match to the data and the
known Nafion properties, it cannot rule out other possible solu-
tions. However, the fits to the data do provide an unambiguous
calculation of the water profile with sub-nm resolution in thin-
film multi-lamellar Nafion structures. The variations in the non-
water SLD and the physically relevant interpretation of the Nafion
composition profile presented here strongly suggest that the
fluorocarbon and sulfonate groups segregate preferentially into
the water-poor and water-rich lamellae, respectively, near the SiO,
interface. Furthermore, the model indicates that these variations
are in excess of those predicted by a constant A.

The composition profile of dehydrated lamellae - comparing
t42 and t5

In hydrated films, the detailed description of the segregation of
the Nafion components in the various lamellae was obtained by
simultaneously fitting data collected on sample t5 with two water
isotopes. The dehydrated films also showed a “remnant” lamellar
structure (t42 at RH = 0%, Fig. 3b). While it has been previously
reported that the drying procedure used here fully removes the
water from the non-lamellar portion of the film,* the composition
variations associated with the lamellae in the dried film are not
yet understood. Fits to the single measurement of a dried sample
do not provide the same level of detail as the contrast variation
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Fig.7 SLD profiles of the lamellar region in dried Nafion thin films. Red
shaded region — 68% confidence interval for the fit to sample t42 in 0%
RH. Black line (water-free physical model) — the composition profile in
Fig. 6¢ is converted to an equivalent SLD profile where all of the water
is removed from layers not adjacent to the substrate.
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afforded by humidifying in both D,O and H,O. To shed further
light on the issue, the SLD profile of the dried t42 sample was
compared to the SLD profile of the physical model of t5 (Fig. 5b)
after removing some or all of the water but retaining the segre-
gation of the Nafion component groups.

At each location z in the profile, the volume fractions of the
solid portions (FC and SO;H) are renormalized, after subtract-
ing the water. Likewise, the distance Az between adjacent
profile locations is renormalized, according to the volume
fraction of the water removed. The “water-free physical model”
SLD profile is then calculated according to this reformulated
composition profile, as the sum of the constituent SLDs
weighted by their re-normalized volume fractions. The amount
of water to remove from each lamella was determined by
matching the renormalized lamella thickness with the corre-
sponding lamellae thickness in sample t42 (Fig. 3b).

The resulting water-free physical model SLD profile is shown
as the black line in Fig. 7, overlaid on 68% confidence interval for
the lamellar SLD profile of sample t42 at 0% RH. A remarkable
thickness match was obtained when all water was removed from
every lamella except for the one adjacent to the SiO, substrate,
from which all water in the physical model was retained. When
the water is removed from lamella 1 in sample t5, the thickness is
roughly 5 times thinner than that in the dehydrated t42 profile.
Due to the similar SLDs for vapor and H,O, replacing the lamella
1 residual H,O with void space, i.e. uncollapsed pores, or another
form of low density Nafion would give an SLD profile roughly
equal to that shown in Fig. 7. The first possibility, a water-rich
lamella 1 (after dehydrating at 60 °C in flowing Ar for 2 hours)
would suggest that the SiO, interface is sufficiently hydrophilic
to retain the water, while the alternative explanation, unfilled
pores, would perhaps suggest limited mobility/flexibility of the
side-chains proposed in Fig. 6c to reside in lamella 1.

In addition to matching the lamellae thicknesses, the
lamellae SLDs are also qualitatively similar for the two profiles
in Fig. 7. Because the water-free physical model preserves the
composition gradients observed at 92% RH, an exact match
between the two SLD profiles would imply that the phase
segregation of the polymer constituent groups does not relax at
all upon dehydration. Rather than an exact match, the SLD
oscillations in dehydrated sample t42 have lower amplitude
than those in the water-free physical model. While a quantita-
tive analysis is beyond the scope of this manuscript, inspection
suggests that only a partial re-mixing of the nano-phase segre-
gation of the sulfonic acid and fluorocarbon groups present in
the water-free physical model is required to provide the best
agreement between the two SLD profiles. Therefore, while the
polymer phase segregation observed at RH = 92% does relax to
some extent upon dehydration, results suggest that there is a
considerable amount of phase segregation that is “locked in” to
the sample, presumably due to low mobility of the polymer
groups in the dehydrated films.

Conclusions

This study provides new insight into the nature of the multi-
lamellar phase segregation in Nafion thin-films deposited onto
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SiO, substrates. In Nafion films that are thicker than the
lamellar region, 6 lamellae form under high humidity, with
compositions that are appreciably different from the bulk-like
Nafion outer layer that forms more than 10 nm from the
substrate. This structure can be described as a composition
modulation with exponentially decaying amplitude. This is
substantiated by the fact that the envelope of the SLD depth
profiles given by the 68% uncertainty for the various models
overlap (Fig. 3a), and therefore accurately describes the indi-
vidual lamella thicknesses and compositions (regardless of
whether or not the model explicitly includes the decaying
amplitude). For Nafion films thinner than the roughly 10 nm
lamellar region, the lamellar SLD profile under high humidity is
remarkably similar to that for the thicker films (Fig. 4b), indi-
cating that the structure is not influenced by surface or
confinement effects. The structural differences in the thinner
films can be fully explained by surface roughness. Upon dehy-
dration, there are only 3 lamellae with a composition distinct
from the bulk-like Nafion layer. Results suggest that these
residual lamellae are largely due to a degree of persistent phase
segregation of the polymer groups, (i.e. fluorocarbon and SO;H)
rather than water retained in the structure, implying low
mobility for the polymer groups. The exception is for the lamella
adjacent to the SiO, substrate, which either retains all of the
water present at 92% RH, has a large volume fraction of unfilled
pores (or low density Nafion), or some combination of the two.

The following physical model of the interfacial Nafion phase
segregation formation is consistent with both the lamellar SLD
profile and the known length scales and phase-segregation
behavior of the Nafion repeat unit. Nafion is bonded to the SiO,
substrate by interaction with the sulfonic groups. Water in
excess of that associated with these of sulfonic acid groups is
also present at the interface. The side-chains attached to these
sulfonic acid groups extend across the water-rich first lamella.
The second lamella contains fluorocarbon backbones associ-
ated with the sidechains in the first lamella, plus additional
backbones and side-chains in the standard ratio for Nafion
1100. This lamella has fewer sulfonic groups than predicted by
the equivalent weight, and is nearly devoid of water. In subse-
quent lamellae the Nafion sulfonic and fluorocarbon groups
(backbone and side chain) segregate preferentially into the
alternating water-rich and water-poor lamellae, respectively,
with increasing intermixing away from the defining substrate.
We speculate that, for these hydrophilic substrates, either the
excess water at the hydrophilic interface or bonding of the
sulfonic acid groups may be instrumental in establishing the
lamellae (rather than other phase segregation morphologies),
with a return to bulk-like morphologies away from this driving
force.

The methods used in this study also make available a level of
rigor for fitting reflectivity data taken on samples with sponta-
neously formed layers of undetermined number, composition,
or structure. Statistical methods, sophisticated fitting routines,
and coupling multiple data sets (either by simultaneous fitting
or applying constraints such as conservation of mass) can
greatly aid in model selection, definition, and evaluation, and in
substantiating the information available from a given set of NR
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data. Future reflectivity studies in which the structure or
composition are not known a priori should greatly benefit from
applying similar approaches, both to confirm that the proposed
fits, as opposed to alternate models, are uniquely supported by
the data and to demonstrate that the data is of the requisite
quality and extent to support the purported structures.

Experimental methods
Fabrication of Nafion thin films

Nafion thin films were fabricated by spin-coating Nafion
dispersions diluted in HPLC grade ethanol onto 5 mm thick
polished single-crystal Si substrates. Such substrates provide a
relatively smooth and warp-free surface, necessary for reflec-
tometry measurements. Substrates were first cleaned with water
and detergent then rinsed with Millipore deionized water.
Water droplets were blown from the surface with N, gas, and
then the substrates were exposed to UV-ozone for 30 minutes.
The native oxide layer is thus left intact on the substrate surface.
Substrates were then installed in a spin coater (Headway
Research, Inc.), and rinsed with HPLC-grade ethanol and spun
dry for 15 seconds to remove any residual water and/or surface
contamination. Dispersions of Nafion resin (1100 equivalent
weight, 20 wt% in solution of lower aliphatic alcohols and H,O
mixture; Sigma Aldrich) in HPLC-grade ethanol were pre-mixed
to give a specified Nafion thickness. Dispersion-coated wafers
were then spun at 3500 rpm (58.3 Hz) for 60 seconds and
annealed under vacuum at 60 °C for 1 hour to bond the Nafion
to the substrate and provide a consistent structure which, for
Nafion, is highly dependent upon thermal history. In this study,
two separate samples are measured with NR, referred to by their
equivalent Nafion thickness (i.e. the thickness of the Nafion film
if all water were removed): (i) a thicker sample, t42, with an
equivalent Nafion thickness of approximately 42 nm, and (ii) a
thinner sample, t5, with an equivalent Nafion thickness of
approximately 5 nm.

Neutron reflectometry data collection

As stated, specular NR measures the reflected intensity as a
function of grazing angle 6, or as a function of the momentum
transfer Q = (47m/4,) x sin 6, where 1, is the wavelength of the
neutrons (0.5001 £ 0.0004) nm for this study, measured after
instrument realignment, and varying insignificantly from the
value of (0.5006 £+ 0.0003) nm reported in the literature.® Prior to
measurement, samples were carefully aligned to achieve a
surface that is parallel to (+£0.0004 degrees) and bisecting (+0.01
mm) the incident, ribbon-shaped, beam. The beam profile is
determined by four sets of vertical slits, two upstream of the
sample and two downstream. For measurements in the range
0.5° < # < 6.5°, the upstream slits were opened continuously at a
rate of 0.4 mm per degree-f, to provide a constant AQ/Q, a flux
that increases as Q% and a constant 4.3 cm wide beam projection
onto the plane of the sample. Below this range, the upstream slits
were held constant at 0.05 mm (t42 at 0% RH) or 0.1 mm (for all
other measurements.) Above 6 = 6.5° the incident slits are held
fixed at 2.6 mm in order to keep the final slit from exceeding the
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detector limit. To reduce background the two downstream slits
were maintained at 0.6 mm and 0.8 mm below # = 0.5° and at 3x
and 4x the width of the upstream slits, respectively, otherwise.
An aperture just before the sample defined a roughly 25 mm
beam width in the orthogonal direction.

The background signal was measured during two sets of
scans with the slits and theta as in the specular scans, but with
the detector offset slightly from the specular (¢ x 2) condition,
to # x 2.5 and to # x 1.5. These two background scans were
averaged to provide an approximation of the background scat-
tering at the specular condition. Small deviations from this
linear interpolation between background measurements were
modeled when fitting the data by a residual background fitting
parameter that is invariant with Q. The reflected intensity is
normalized by the incident intensity as a function of slit
settings, which is measured in a separate scan with the beam
also directed through the Al walls of the controlled RH sample
environment (described below) to maintain the same beam
attenuation as during specular and background scans. Specular
data were taken as several repeated series of scans through the
entire Q range of interest, to check for changes that might occur
over time, particularly to ensure that the sample hydration had
equilibrated. The specular reflectivity is determined by sub-
tracting the averaged background scans from the specular scans
and then normalizing by the incident intensity. The counting
statistics of these individual measurements are propagated
through the reduction to provide uncertainty estimates for the
data at plus and minus one standard deviation.

Controlled RH sample environment

Because the water uptake of Nafion varies considerably with
small variations in RH at high humidity, care was taken to
maintain stable and reproducible control of the thermal envi-
ronment and humidity. Samples were maintained at (29.6 +
0.2) °C and (92.1 £+ 1.5)% RH using a custom-built sample
environment, shown schematically in Fig. S1.f Full details are
given in the ESI section.t Samples are measured in up to three
separate vapor atmospheres: (i) in H,O-humidified Ar, (ii) in
D,0-humidified Ar, and (iii) at 0% RH in dry Ar carrier gas (with
the dew point generator bypassed). Isotopic contrast variation
between H,O and D,O allows for determination of the water
concentration depth profile within the limits imposed by the
isotopic variations in water uptake*' and reproducibility of
the RH, as discussed in the Results section. In order to remove
any trace of H,O or D,O from the sample before beginning the
next measurement, the sample was held at 60 °C inside the
sample can under flowing dry Ar for at least 2 hours. The sample
is never exposed to the ambient between measurements, and
remains under controlled vapor composition and temperature
between measurements. This procedure has previously been
shown to remove all trace water from the non-lamellar portion
of Nafion thin films, with only 1 to 2 waterrich lamellae
remaining in the lamellae." For exchanges between H,O and
D,0, the dew point generator is drained entirely of the prior
isotope and flushed 5 times with the new water isotope while
the sample is dried.
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Data fitting

The NR data is fit using the Refl1d* program, developed by
NCNR and the University of Maryland as part of the DANSE
project. Reflld models the sample as a set of thin film layers
with specified thickness and (real and imaginary) SLD, with
specified Gaussian interface widths between them. Reflectivity
is computed using the Abeles optical matrix method,** with
interfacial effects computed by the method of Nevot and
Croce.*” Refl1d uses a DREAM algorithm® to generate a random
collection of parameter sets from the entire parameter space.
For each parameter set, the probability of observing the
measured reflectivity is proportional to the likelihood L = e X"2,
From this collection of parameter sets we can estimate the
uncertainty in the individual parameter values and observe
correlations between parameters. Because parameter correla-
tions are preserved and explicitly incorporated into uncertainty
estimates, error estimates via Reflld are much more accurate
than those given by standard gradient-descent methods. The
DREAM algorithm is a population-based Markov Chain Monte
Carlo method, which can effectively sample from low dimen-
sional probability distributions with disjoint modes, and so
unlike standard gradient-descent algorithms it operates as a
reliable global optimizer.

For all fits, the SLDs of the substrate and native oxide layers
were held fixed at the known bulk values, while the thickness
and surrounding interface widths of the native SiO, layer were
fit. For the bulk-like Nafion layer, the SLD, thickness, and
Nafion-vapor interface width were all fit. Similar to the SLD
values, the neutron absorption coefficients were modeled as a
linear combination of the individual absorption coefficients,
weighted by their volume fractions. Finally, each fit had 3
instrumental fitting parameters, corresponding to the small
incident angle offset (within the motor tolerance), the residual
background, and the incident beam intensity. In all, models
had 10 fitting parameters plus 2 parameters for each lamella.
Because of the large number of fitting parameters, the 92% and
0% RH data taken on sample t42 were not fit simultaneously.
This would have limited value in that there are only 3 parame-
ters common to the two models, corresponding to the SiO,
thickness and both adjacent interface widths. Rather, the 92%
RH data were fit first to a series of models with varying number
of lamellae, 0 = njmenae = 7. The SiO, parameters were found to
vary insignificantly with the number of lamellae in the model.
For fits to the 0% RH data, these parameters were therefore held
fixed at the values obtained from the best fit to the 92% RH data.
Fewer layers were needed to fit the 0% RH data, which was fit to
models with up to 6 lamellae before x> no longer improved.

Because the number of lamellae formed at the Nafion-SiO,
interface is not known a priori, choosing the correct number of
lamellae for the reflectivity model is non-trivial. As mentioned,
the primary method for differentiating between NR models is by
comparing the x” value for each model. While increasing the
number of lamellae may improve the x? value for a particular
sample, the decrease in x> may simply be due to a better fit to
the random statistical variations of the data (noise) rather than
the systematic structure-induced variations. Therefore, for
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models with different numbers of lamellae (and therefore
different numbers of fitting parameters) but similar x” values,
this study uses the Bayesian information criterion (BIC) to
differentiate between models.”” The BIC determines whether
changes in goodness-of-fit are statistically meaningful by
considering the expected improvement in likelihood due to the
increased number of fitting parameters. This is achieved by
maximizing a penalized log-likelihood function,*” equivalent to
minimizing the BIC:

BIC = (n — k)x* + k In(n) (7)

where 7 is the total number of data points for the measurement,
k is the total number of fitting parameters, and x” represents the
reduced chi-squared statistic.®®® All x> reported herein repre-
sent the reduced x?.

In Reflld, fitting parameters can be reformulated to repre-
sent composition or other relationships between parameters.
Additionally, multiple data sets taken on a given sample (for
example, exposed to different ambient conditions, e.g. humid-
ified and dried) can be fit simultaneously. Advantages include
enforcing common values for model parameters that do not
vary between the two measurements, such as those associated
with the substrate or impermeable buried layers, and elimi-
nating erroneous models that provide suitable fits due to
symmetry relations to the correct model (see ESI Fig. S61). In
this study, simultaneous fitting was used to fit the data for the
thinner sample, t5. For this sample, the entire Nafion film
consisted of the alternating water-rich and water-poor lamellae,
and scattering from the lamellae and from the total sample
thickness interacted in ways that made it difficult to distinguish
between numerous models. The thinner sample was therefore
measured in both H,O0- and D,0-humidified vapor. Assuming
equal uptake of H,O and D,O by the film, these data sets were fit
simultaneously in Refl1ld, as described above. In this manner,
simultaneous fitting was able to differentiate between various
symmetry-related SLD profiles*® by requiring a model that fit
both the H,O and D,0O measurements.
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