Supplementary Information

Colloidal Nafion™ particles: Are Cylinders Ubiquitous?
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SANS analysis
There are several factors used to describe models for fitting scattering data from a dispersion of

discrete particles. These are the particle number density per unit volume, N (cm™), the contrast of
the particles (pp) relative to the dispersion fluid or solvent (ps) Ap (cm?), the average particle
volume, ¥, (cm?), the form factor for a single particle, P(Q), and the structure factor, S(Q) that
describes the effects of the particle interactions on the scattering intensity. The product of these
factors accounts for the observed scattering as,
Q) = N<I*Ap*P(Q)S(Q)> (em™), (1

where the angle brackets indicate an average over the population of particles, including their
orientations. For the scattering length densities, the values of p for each component can be
computed from the chemical composition and density, as p = Xbi/V. The sum is over the number
of scattering centers with scattering length b;i (cm), and, V, is the particle volume. The form factor
P(Q) is the square of the Fourier transform of the particle structure normalized to Vp. The structure
is the distribution of scattering length density, p(r), defined by the particle shape and its density
fluctuations. A graphical representation of the individual products in Eq (1) is shown in Figure

Sla.
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Figure S1: Illustration of the scattering analysis. a) cylindrical form factor P(Q) (left), structure
factor S(Q) (center) and the resulting theoretical scattering profile calculated as per Eq (1) (right).
b) The low- and high-Q scattering region graphical analysis techniques (Guinier plots and Porod
plots), highlight the trends that indicate differences in particle sizes.
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The form of Eq (1) for scattering data presents a difficult problem, as in general, the calculations
for S(Q) involve approximations that have a limited range of validity.! We tackle SANS data
analysis using simplifying assumptions. For the low Q range of the SANS data I(q), when the ratio
OR; < 1.3 is satisfied, the Guinier approximation can be used to estimate some structural
parameters of a particle (assuming monodisperse system)
1(Q) = 1(0)exp(-R;’0%/3) @
where 1(0) is the value of intensity extrapolated Q = 0, which for the solvent of particles can be
interpreted as following:,
1(0) = NV 2AP? = @ VoA (em™). 3)

Here, @ is the particle volume fraction (calculated from the Nafion™ ionomer density and its
dispersion wt%). Linearization of Eq (2) allows for the graphical analysis of SANS data, a so
called Guinier plot (In(I(0)) vs Q?) is shown in Figure 1b.

The parameters calculated from the Guinier analysis allows estimate structural dimensions of a
particle in solution assuming it is a rigid cylinder of radius, R, and height, / (A). This model is
chosen based on results published previously on study of the dispersions of the Na* form of
Nafion™ in glycerol or 2-propanol. 2 For the rigid cylinder, V, = nR*H and Ry 2 = R¥/2 + H*/12.
Application of the Guinier Eq (2) to the data gives two values, R, and 1(0). The latter is related to
the volume fraction, particle volume, and SLD contrast in Eq (3). Rg2 relates two unknowns, R and
H, through the solution of a cubic equation, Eq (4) in H, as,
H — 12R3H + 6 1(0)/x =0, (A%) 4

where, k = n® Ag?, is easily calculated from the ionomer chemistry, density, and dispersion wt%.

Eq (4) has two positive roots, only one of which gives values of H and thus R—through the
measured Rg and 1(0)/k = Vp/n. A solution for Eq (4) that gives a consistent solution for H, and

thus R, is an important guide to an appropriate model.

While the Guinier approximation is useful in determining overall particle size, global shape and
contrast, additional structural details are not captured in the analysis due to the limited low-Q range
over which the analysis applies. Other details, such as the morphology, require other analysis using
detailed models. We use the NIST Center for Neutron Research (NCNR) SANS analysis Macros
for Igor Pro 7 to perform the form factor fitting procedures and explore the details of plausible

structures consistent with the SANS data.
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In some cases, the analysis cannot start with the Guinier plot due to the presence of an ionomer
peak in the SANS data corresponding to an interparticle correlation distance in the dispersion. We

consider two possibilities to model these cases.

The structure factor S(Q) of equation (1) due to particle interactions is one possible case. Our
complete analysis of the dispersion morphology included calculation of S(Q) with our program,

ChgdHardCyl, using the decoupling approximation® with either the Perkus-Yevick closure for hard

9,10 11-15

particle interactions, " or the BPRMSA approximation for charged particles.

Complimentary information regarding an assumed cylindrical morphology can be gathered
through a Q* graphical analysis (Porod plot), represented in Figure S1b. Oscillations in the Porod

plot can indicate a particle radius through

QI(Q)maxr =216 (%) o

a) Hammouda model Fits
We consider a model of an open chain structure proposed by Hammouda et al. 7 given as

G@Q_ A, ®

o~ Qn T 1+lQ-QolL™
Here, the first term accounts for a power law due to a large length scale structure. The second term
describes local chain structure due to polymer swelling by interactions with the solvent, leading to
a network with characteristic length, L, between crosslinks that give rise to the peak at Q. The
exponent m is taken as a measure of the chain conformation between crosslinks. The final term is
to account for incoherent background scattering. The Hammouda equation was encoded into
Origin Pro and used as a nonlinear fitting equation. The entire Q-range of data was fit during the
procedure. A, n, C, L, Qo, and m were varied during the final fitting procedure, while the incoherent

background was fixed after an initial parameterization.

b) Form Factor Model Fits

Form factor models for each of the datasets were developed by first determining the volume
fraction of Nafion™ in the dispersion from the weight percentage of the original dispersion. The
volume fraction was used to fix the scale in the form factor model. Original values for the radius
and height of the particle were determined from the Guinier analysis. To start the particle SLD was
specified to be the value of Nafion™ at a density of 2.01 g/cm? (4.033 x 10® A2). Solvent SLDs
were calculated for the solvents at their bulk density; Water (-0.559 x 10 A-2) and NMP (0.922 x
10 A2). The background scattering was estimated based on the high O data. The models were
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then fit to the experimental data using the Igor Pro Macros developed by NIST by allowing only
the particle radius, height, and SLD to vary. Upper and lower limits on the SLD were determined
by the SLD of the solvent and Nafion™, respectively.

Cylindrical form factors: The scattering from a right circular cylinder with constant SLD is given
by Eq. 7, which assumes S(Q) = 1 and pulls the volume and number density terms of Eq 1 into one
form factor. Which is supported by the NIST Igor Pro Macros, and refers to'®

@ .m/2

. J(@Rsina)\? .
PQ) = oo (ZApVCyljo(QH cos @) w) sina da 47b

(QRsina)

Where ® represents the volume fraction of the particle, V¢yi is the volume of the cylinder, Ap is
the SLD contrast between particle and solvent, jo(x) = sin(x)/x, is the zero-order spherical Bessel
function, H is the cylinder height, a is the cylinder axis angular position relative to vector Q, R is
the radius, and J; is the first order Bessel function. For the SANS of Nafion™ in water, the
polydispersity of the radius was allowed to ﬁ/ary during fitting between 0 and 1| Incorporating the
polydispersity into the form factor is completed with an additional integration over f(R), the

normalized Schulz distribution of the radius, to compute the average value of VPZP(Q), as

)

Rmi

Rm,

o sz (R)P(R,Q)dR . The radius distribution can be calculated using the polydispersity and

the normalized Schulz distribution through Eq 8:

2 exp[=(z+1)X]

— z+1
FR)= (2 + 1= ix= ST

®)

where z is related to the polydispersity by z = (1/p?)-1, X is R/Ravg (Where Rayg is provided by the
form factor model), and I'(z + 1) is the Gamma function. Once again, this equation is supported

by the NIST small angle scattering Macros and refers to'®.

¢) Scattering from Fuzzy Spheres:
The theoretical scattering for a fuzzy sphere contains three terms, a sphere, a soft interface with
exponential like profile and a Ornstien-Zernili fluctuations term, given by Eq. 9, included in the

NIST Igor Pro Macros referring to!®

2
@ 3[sin QR—QR cos QR —(OsurfQ 11or(0)
1Q) = ap? (R M oy (L 2 4 e (0

Where O represents the volume fraction of the particle, V is the volume of the particle, Ap is the
SLD contrast between particle and solvent, R is sphere radius where p has decreased to 2 of the

core p, < > represents an average over the size distribution, csuf represents the fuzziness of the
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particle interface, and the final Lorentzian term accounts for fluctuations due to the microgel
network with & being the correlation length.

d) Guinier Analysis

Guinier Analysis was completed by graphing the data as In(I(Q)) vs. Q* and isolating only the low
Q data where linearity was observed. Using the Origin graphing and analysis software, a line was

fit to the data.
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METHODS

Small angle neutron scattering

SANS measurements of Nafion™ dispersions in NMP and water were carried out on the SANS
instrument, Bilby using the instrument time-of-flight (TOF) beam option,? at the Australian Center
for Neutron Scattering of the Australian Science and Technology Organization. All measurements
were done at a single instrument configuration as the instrument features detector banks that cover
the entire required domain of scattering angles, 26, in one measurement Additional SANS data
were collected on the TOF low-Q diffractometer (LQD) at the Manuel Lujan Jr. Scattering Center
at Los Alamos National Laboratory.>* Samples were placed in 1 mm path-length fused silica cells

(Helma). All measurements were carried out at ambient temperature.

Raw scattering intensity data acquired by the measurements on Bilby were reduced to absolute
values of differential scattering cross section per unit steradian per unit volume, I(Q) (cm™) as a
function of scattering wave number, Q = 4n/4sin@ using standard instrument procedures written
using a framework of a package called Mantid, > with those on LQD reduced using the Los Alamos

developed procured, SMR. 3#

Dispersion preparation

Two acid-form (H") Nafion™ dispersions in NMP were prepared for SANS measurements. First,
a dispersion was prepared by completely evaporating the solvent of the ionomer stock (D520)
using a vacuum oven at 80 °C. The resulting solids were taken up to 20 wt% in NMP at 80 °C.
This procedure resulted in a clear dispersion, then diluted with additional NMP to obtain 2.5 wt%,
measured on Bilby and hereon referred to as a stock transfer dispersion. An alternative dispersion
was prepared by boiling the H* form of Nafion™ 212 membrane (purchased from Fuel Cell Stores)
in water for 2 hours, drying it in a convection oven at 80 °C, cutting it into smaller pieces, and then
mixing it with NMP and allowed to form a clear 2.5 wt% homogenous dispersion, so-called

redispersed membrane, measured on LQD.

The acid form of Nafion™ in water was produced from a stock dispersion of, DE-521 (H™ form,
Dupont). The stock solution is nominally 5 wt% a 50:50% mixture of water and 1-propanol. The
alcohol, including a small amount of ethanol, was removed by extensive dialysis of 10 ml of the

stock dispersion against three, 200 mL changes of deionized water over a three-day period. The
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result was a clear dispersion, determined to be approximately 2.6 wt% from a measurement of the

carefully measured volume recovered from the dialysis tube.

Molecular Dynamics

We employed fully atomistic molecular dynamics using the LAMMPS program.® In this work,
each system contains 5 Nafion™ chains (6903 g mol! with 6 pendant side chains each of
equivalent weight 1150 g mol™ in a box of solvent at ~ 5 wt% of Nafion™. To keep the system
neutral, the charges on the sulfonic group were compensated by 30 hydronium molecules in each
simulation box. Herein, periodic boundary conditions were imposed in all three directions. We
used the Class II force field equation for bonded and non-bonded interactions. The form of force

field used in this study is shown below:

E= Z [ Kpz (b — bo)? + Kps (b — bo)® + Kpa(b — bo)*]
bond

) [Kaz (6= 00)* + Kus (6= 00)° + Koo (6 = 60)*]

angle

+ Z [ K1 (1 — cos(9)) + Kip (1 — cos2¢) + Ki3(1 — cos3¢)]

torsion
O:: O:: .
+ & |2(=0)° - 3(=L)e +@
J [ [ [
T ij ij ij

where b, 8 and ¢ are the internal coordinates of bond, angle and torsion angle, respectively. The
K, K, and K, are the force constants for bond, angle, and torsion terms. The last two terms of the
equation represent the non-bond interactions, viz., van der Waals (vdW) (LJ-9-6) and Coulombic

interactions.

The mixing rules below are applied for cross terms in vdW equation.’

6 1/6

a’ +oj
Jij = 2

3.3
— 0;0;

&j=2/e8—5 5
o’ + o;
t J

We used forcefield parameters from the previous work’ for the Nafion™ polymer, whereas

parameters from the PCFF®!? forcefield were used for water (TIP3P) and NMP.
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We first created solvent boxes containing water separately using 36412 and 6615 molecules of
water and NMP, respectively. These solvent boxes were then energy minimized. To these
geometry-optimized structures, Nafion™ chains were added. Before starting the MD runs, we
performed geometry optimization of Nafion™ and solvent-containing simulation boxes. Then, the
MD simulations were conducted with a time step At =1 fs and using the Velocity-Verlet
algorithm for integrating the equations of motion. The temperature of the system was maintained
by a Nose-Hoover thermostat. To remove the effect of initial conditions and accelerate the
evolution of the system towards equilibrium, we ran all our simulations for the first ns at a high
temperature (T = 1000 K) using canonical ensemble (NVT). Then, we annealed the system to
T=300 K at the rate of 350 K/ns. Afterward, the temperature of the system was maintained at 300
K using an NVT ensemble for 2 ns. However, for the true sampling of the system, we applied the
Isothermal—isobaric ensemble (NVT with T = 300 K,P = 1 atm) for 450 ns to reach the
equilibrium state. In our MD simulations, we analyzed fluctuations in energy and structural
parameters to confirm the achievement of the equilibrium state (Figure S9). We have specifically
paid attention to variations in total energy from its mean value and the stability of sulfur-sulfur
RDF plots over time (Figure S10). The energy fluctuation is described as follows:

AE — E(t) - |Emean|

E |Emean|

Herein, for both water and NMP cases, the fluctuation in energy is very small (A?E < 1%). Also,
structural properties such as sulfur-sulfur RDF converged within 150 ns for the NMP case. We
confirmed that the systems reached an equilibrium state by ensuring that the fluctuations in energy
are minimal and structural properties such as S-S RDFs and inter-ionic cluster distances of the

system remain constant, Figure S9,10.
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Figure S2: Porod plots of the SANS data corresponding to dispersions of a) H" Nafion in NMP,

b) H" Nafion in Water.
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Figure S3: H" Nafion NMP dispersion, prepared by dilution, fit with a linear combination of a
random coil and cylindrical form factor model.
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Figure S4: H+ Nafion™ in NMP from LQD fit with a structure factor model corresponding to a
charged cylinder with 20 A radius, 110 A height, and a total charge of 55 ¢".

To generate the RMSA-based structure factor, the number of charged groups in the particle can be
calculated. The number of charged species for a given volume element of Nafion™ was calculated
for a single chain, as well as a volume element of multiple chains. The lower limit was calculated
from the SANS profile of Na” Nafion™ in NMP previously reported. A degree of polymerization
was estimated from the intercept of the Debye fit to be 150. Knowing the mol% of charged
monomers in Nafion™ 212 to be approximately 15 mol%, there are an estimated 22 charges per
Nafion™ chain. An upper limit on the charge is estimated using the volume of the particle
determined from a cylindrical form factor that fits the SANS profiles. Knowing the equivalent
weight of Nafion™ 212 (1100), and the mass density of the Nafion™ particle from the SLD, a
total of 152 charged groups for a 20 A radius, 110 A height cylinder are estimated. Based on the
calculated limits of charged groups, it is estimated that Nafion™ particles in NMP will be
composed of 1 — 7 individual Nafion chains. Figure 4 shows the resulting model from calculating
a structure factor for a particle with 55 charged groups in a 10 mM solution combined with a
cylindrical form factor with R =20 A, H= 110 A, and approximately 5 vol% NMP in the particle.
From the weight percentage of Nafion™ in the original solution, the estimated concentration of

acid is 20 mM, with a small degree of error expected.
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Figure S5: H" Nafion™ in NMP prepared by direct dispersion fit with Hammouda’s swollen

cluster equation'”.
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Figure S6: MD snapshot of 29 wt% Nafion™ dispersed in NMP. Scale bar shows 25 A.
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Figure S7: H" Nafion™ Dispersed in water fit with the cluster model.
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Figure S8: SANS profile of H" Nafion™ in water with the scattering of a theoretical particle
whose dimensions match those determined by Guinier analysis.

S16



6
—— Water
5 4
——NMP
4 4
@ 3]
~
[
<] 2
1 u
0 T T T Lg
100 200 300 400

t (ns)

Figure S9: Energy fluctuation of the system during the run time
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Figure S10: Radial Distribution Function of sulfur-sulfur atom in NMP during the run time
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