aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

NMR spin diffusion measurements in disordered polymers:
Insights and limitations
Eric G. Sorte, Amalie L. Frischknecht, and Todd M. Alam
Phys. Rev. Materials 3, 045602 — Published 19 April 2019
DOI: 10.1103/PhysRevMaterials.3.045602


http://dx.doi.org/10.1103/PhysRevMaterials.3.045602

NMR Spin Diffusion Measurements in Disordered Polymers: Insights and Limitations

Eric G. Sorte,! Amalie L. Frischknecht,” and Todd M. Alam'”

! Department of Organic Materials Science, Sandia National Laboratories, Albuquerque, New Mexico 87185 USA
2 Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquerque, New Mexico 87185, USA

Nuclear magnetic resonance (NMR) spin diffusion measurements have been widely used to
estimate domain sizes in a variety of polymer materials. In cases where the domains are well-
described as regular, repeating structures (e.g. lamellar, cylindrical channels, mono-dispersed
spherical domains), the domain sizes estimated from NMR spin diffusion experiments agree with
the characteristic length scales obtained from small-angle X-ray scattering (SAXS) and
microscopy. In our laboratory, recent NMR spin diffusion experiments for hydrated sulfonated
Diels Alder poly(phenylene) (SDAPP) polymer membranes have revealed that assuming a
simple structural model can often misrepresent or overestimate the domain size in situations
where more complex and disordered morphologies exist. Molecular dynamics (MD) simulations
of the SDAPP membranes predict a complex heterogeneous hydrophilic domain structure that
varies with the degree of sulfonation and hydration and is not readily represented by a simple
repeating domain structure. This heterogeneous morphology results in NMR-measured domain
sizes that disagree with length scales estimated from the ionomer peak in scattering experiments.
Here we present numerical NMR spin diffusion simulations that show how structural disorder in
the form of domain size distributions or domain clustering can significantly impact the spin
diffusion analysis and estimated domain sizes. Simulations of NMR spin diffusion with differing
domain size distributions and domain clustering are used to identify the impact of the
heterogeneous domain structure and highlight the limitations of using NMR spin diffusion

techniques for irregular structures.



I. INTRODUCTION

Traditional scattering or microscopy measurements can prove challenging to interpret when
characterizing disordered or amorphous solids. In the case of heterogeneous polymers, the size
and morphology of phase-separated polymer domains can dictate material properties such as
ionic conductivity and mechanical strength [1-5], and are thus important to measure and control.
These phase-separated regions or domains may range from the micro- to the nano-scale, further
complicating complete characterization. NMR spin diffusion is one technique that has been used
to characterize morphology in disordered heterogeneous solids [6-14]. During NMR spin
diffusion experiments, nuclear spin magnetization in regions/domains of interest are filtered by
specifically designed NMR pulse sequences to create spin polarization gradients within the
sample which then re-equilibrate via “spin diffusion”.This diffusion of spin magnetization relies
on the through-space dipolar coupling between nuclei ('In polymers exhibiting well-organized
structures, such as lamellar or repeating cylindrical domains, NMR spin diffusion experiments
measure domain sizes that agree well with small-angle X-ray scattering (SAXS) and microscopy
measurements [7,15-17]. The dimensionality of the spin diffusion process (1D for lamellar
structures, 2D for cylindrical rod-like domains, and 3D for dispersed domains) is a dominant
feature in the spin diffusion behavior [7,18], and is usually determined from other experimental
evidence. In disordered or poorly defined polymer morphologies, however, it has been noted that
NMR spin diffusion measurements analyzed assuming a simple structural model often yield
domain sizes which are larger than those implied by transmission electron microscopy (TEM),
scanning electron microscopy (SEM) or SAXS [16,19-21]. In experiments where this
discrepancy has been noted, authors have attributed the conflicting data to inaccuracies in the

TEM measurements [20], to the lack of sensitivity in the XRD analysis [21], to disorder of



domains, to distribution of domain sizes [19], or to errors in the NMR spin diffusion
measurements themselves [16]. In some instances where the domain structure is well-
characterized by scattering techniques, the measured differences have also been used to adjust
the NMR spin diffusion rate constant [22]. While the impact of disorder in the polymer
morphology was realized early on in the discussion of NMR spin diffusion experiments [19], it
has not been routinely incorporated into the spin diffusion analysis. More recently, examples of
NMR spin diffusion studies for polymer materials containing domain size distributions [11], or
“non-trivial” arrangements and interfaces with differential dynamics have been reported,
including suggestions that the impact of disordered heterogeneous polymer structures on NMR

spin diffusion experiments needs to be further explored [23-26].

Recently, we have reported extensive characterization of a series of sulfonated Diels-
Alder poly(phenylene) (SDAPP) polymer membranes (see Scheme 1) [27]. When hydrated, the
SDAPP polymers phase separate into nanodomains containing the hydrophobic aromatic
polyphenylene backbone and domains containing the hydrophilic sulfonic acid and associated
water. In our study, the characteristic length scale (d*) of the polymer domains for a range of ion
exchange capacities (IECs) was estimated from experimental SAXS structure factors S(g) or
from the MD-predicted S(g) [27]. The reported d* range from 2 to 3 nm, varying with the
SDAPP hydration and sulfonation levels. This is consistent with the 2 to 4 nm d* recently
reported for a similar SDAPP material [28]. In a related study, it was found that using these MD-
predicted SDAPP polymer structures yielded NMR spin diffusion magnetization recovery curves
that agreed well with experimental NMR results [18]. However, when the NMR spin diffusion

behavior was analyzed assuming simple well-structured geometric models, the estimated domain

sizes (d™) were up to 5 times larger (~15 nm at the highest levels of sulfonation and



hydration) than the d* obtained from SAXS and MD simulations. Inspection of the MD-
predicted structures for the SDAPP polymer reveal that the hydrophilic domains are not simple
well-organized structures, but have heterogeneous morphologies with distributions of both
domain sizes and shapes [29]. In this work, we present numerical simulations to identify the
basis for the discrepancy in length scales between NMR, the MD simulations and the SAXS
data. The role of domain size distribution and hydrophilic domain clustering on the NMR spin
diffusion behavior will be discussed and used to place boundaries on the applicability of NMR
spin diffusion measurements when studying disordered materials such as heterogeneous
nanoscale polymers, nanoscale composites, layered materials, and polymer modified

nanoparticles.

Scheme 1: Monomer structure for the SDAPP polymer containing two sulfonic acid groups (S =
2) per monomer repeat unit.

II. MATERIALS AND METHODS



NMR Spectroscopy: Experimental details for the static and magic angle spinning (MAS) NMR
spin diffusion studies have been presented previously [18]. In summary, the solid state "H MAS
NMR was performed on a Bruker Avance III spectrometer operating at a Larmor frequency of
600.1 MHz using a 2.5 mm MAS probe spinning at 20 kHz or under static (non-spinning)
conditions, with a 4 s recycle delay and a 100 kHz 'H rf field. Double-quantum (DQ) filtered
pulse sequences [18,21,30-33] were used to retain magnetization in the rigid aromatic polymer
phase while suppressing magnetization in the mobile hydrophilic phase, followed by diffusion of
the magnetization via the homonuclear '"H'H homonuclear dipolar coupling back into the
hydrophilic domain (See FIG S6, supplemental information [34]). The signal intensity was
measured for both the hydrophilic and hydrophobic domains following a spin diffusion period (

ty, ) to produce the experimental NMR spin diffusion recovery curves (Fig. 1b, lc). For the

static DQ-filtered spin diffusion experiments a standard 5-pulse sequence was used for the DQ
excitation and reconversion period, with © refocusing pulses incorporated to reduce frequency
offset and chemical shift effects [35-37]. The DQ evolution period was fixed to 2 ps while

incrementing the spin diffusion period ¢,,. The DQ-filtered 'H MAS NMR spin diffusion

experiments used a rotor-synchronized back-to-back (BABA) excitation/conversion pulse
sequence to suppress the hydrophilic domain 'H magnetization [14], with the rotor-synchronized

excitation time being set to N = 2 rotor cycles, followed by a variable spin diffusion period ¢, .

It has been pointed out that the hydrophilic domains could contain partially ordered water that
may give rise to non-zero DQ intensity. For these ordered water species the magntidue of the
residual dipolar coupling is expected to be weak. Under the short DQ exciataiton/reconversion
periods utilized (2 ps for static and 2 rotor cycles for MAS), the signal intensity in the

hydrophilic domain immediately following the DQ filtering was not readily detected and was



therefore ignored during subsequent analysis. For both pulse sequences the DQ selection was
obtained using a 4-step phase cycle of the carrier phase during the excitation period combined
with receiver phase inversion on alternating scans. Between 64 and 256 scan averages were
required for each spin diffusion time depending on the sample and hydration level. The nominal
sample temperature was 298 K for the static experiments and 311 K under MAS conditions after

correction for frictional heating.

Simulations: The simulation program NMR_DIFF_SIM [18] was used to predict magnetization
behavior through numerical solutions of the continuum diffusion equation on a discretized lattice
for any proposed domain structure assuming periodic boundary conditions. The (continuum)
time evolution of the spin magnetization is given by [18]

om(7,t)

= =V D(7)Vm(F.t)] (1)

which is discretized for the numerical evaluation as

@:aa_x{D(f)am(f,r)}+%{D(f)%m(f,t)}+%{D(f)a%m(fﬁ)}a (2)

wherem (7,t)is the total magnetization at a specific point in space and time and D(7) is the

spatially-dependent diffusion constant.

For the simulations presented here, the spin diffusion constants in the hydrophobic
domain (aromatic polymer backbone, domain A) were defined as D = 0.2 nm?*/ms and for the
hydrophilic polymer domain (sulfonic acid + water, domain B) as Dg = 0.01 nm*/ms [18]. No
intermediate interface regions were employed for the current simulations. In general the spin

diffusion rates are a function of the hydration level (A = water molecules per sulfonic acid), IEC,



temperature and MAS spin rate [18]. To address the role of structural disorder, simulations for a
single example of the SDAPP polymer are discussed. Specific results presented here are for a
SDAPP membrane with an IEC = 2.10 meq/g, or roughly S = 1.9 (where S equals the number of
sulfonic acid groups per polymer repeat unit), a A = 3 hydration level (A = number of water or

hydroniums/sulfonic acid), and a hydrophilic volume fraction ofp, =0.21 [18,29]. For all the
simulations described, Da, Dg, and ¢, were fixed to allow the impact of changes in the polymer

disorder to be clearly distinguished. These results were compared to the data from SAXS and the

MD simulations described previously [18,27,29].
III. RESULTS AND DISCUSSION

Evaluation of the experimental NMR spin diffusion magnetization recovery curves to

obtain the domain size d™"" requires a structural model as input. For the majority of reported
NMR spin diffusion studies, a simple well-structured geometrical model has been employed.
Ideally, the choice of the diffusion dimensionality and the domain structure for the model is
motivated by other characterization data available for that material (e.g. SAXS, microscopy or
computational studies). Examples of simple models used to analyze NMR spin diffusion in
polymers include domains that are lamellar or sheet-like (1D diffusion), cylindrical channels or
tube-like domains (2D diffusion), or regularly-spaced isolated dispersed domains (3D diffusion).
The domain size in these models then corresponds to the thickness of the lamellar domain, the

diameter of the cylindrical channel, or the diameter of the isolated dispersed domain.

Figure la shows the hydrophilic domain size d""% obtained from NMR spin diffusion
measurements (solid symbols) assuming a simple nano-dispersed 3D diffusion model with a

single domain size for a series of SDAPP membranes with different IEC values and hydration



levels. In these membranes d""" grows steadily with increasing A (~2 nm/A), and with the

variation of d""" being essentially independent of IEC. This change in hydrophilic domain size
with hydration has been observed both in Nafion [38,39] as well as other hydrocarbon polymers
[5]. For example, in related (but not identical) sulfonated random copolymers, isolated
hydrophilic domain sizes are in the range of 4 - 6 nm (using scanning transmission electron
microscopy (STEM), Watanabe and co-workers [40]), 12 - 15 nm (TEM, Lee and coworkers
[41]), 10 -12 nm (TEM, Wang and coworkers [3]), 5 - 15 nm (using atomic force microscopy
(AFM), Ma and coworkers [42]), 5 - 10 nm (STEM, Miyatake and coworkers [2]), and as large
as 25 nm (AFM, Kim and coworkers [43]). This range of domain domain sizes is like those
predicted for SDAPP by NMR spin diffusion but are much larger than the reported domain sizes

for Nafion at comparable hydration levels.

To estimate the hydrophilic domain size, the diameter of the dispersed domains (3D
diffusional model) was varied until a minimum in the chi-squared error between the
experimental and simulated data is obtained as shown in Fig. 1b. Structures with smaller
hydrophilic domains have NMR spin magnetization recovery curves that rapidly approach the
equilibrium magnetization, while larger domains lead to slower recovery curves. For the domain
size measurements in Fig. 1a and 1b, a perfect periodic lattice (PPL) model was used (see Fig.
1d), where the hydrophilic domains are dispersed homogeneously on an ordered lattice

throughout the polymer.

The NMR spin diffusion results can be compared to the correlation lengths d * estimated

from MD and SAXS data [27], which are calculated from the wavenumber ¢ of the ionomer

peak maximum ¢, observed in the structure factor S(g) using [44]
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qmax

Figure la compares d""« with d * predicted for SDAPP from the MD calculated S(q) (half-

filled symbols) and the experimental SAXS S(g) (open symbols) as a function of A and IEC.

The MD and SAXS characteristic length scales d * range between 2 and 3 nm and are related to
the average hydrophilic center-of-mass (COM) to COM distances, with d* increasing with
hydration. Note that the hydrophilic domain size, while not determined from SAXS, is
necessarily smaller than the distance between the hydrophilic domains, so d* serves as an upper
bound on the average hydrophilic domain sizes. Incidentally, this range of measured and
predicted d*are similar to the hydrophilic domain spacings measured in Nafion over a similar

hydration range [45,46].

(@), —“7’“? :351’: '::ﬁ"'""’“ 2842 MD (b) 3 nm domain (°=1.65)
b4 :5;1:9] 104 nm dornan £;=0.31)
m (5=23) o (5=23) m (S=2) :
- ® (5=36) © (5=38) » (S=4)
E -~ NMR spin diffusion 2
Z 104 e ¥ domain size (d"™") __E__
© . £ a 0.54 8 nm domain (;°=4.85)
5 + <
-~ &~ SAXS and MD = 7 nm domain (;°=2.96)
54 A + correlation lengths (d*)
5& i 6 nm domain (;°=1.48)
w!? By o g oo T
0 y T T T T 0.0 - - - -
0 2 4 6 8 10 1] 5 10 15 20 25
1/2 1/2
A ts, (Ms™)
() (d)
L Structural Models (¢, =0.21)
0.8+ e T
E |
= 064
=
2 o  SDAFP polymer e
= 04- (IEC = 2.1 meqlg, %~ 2.7) 3
= |
—— MD Simulation Zeflke
0.2+ (IEC = 2.17 meg/g. 7. = 3) ;&, .
2
1 ¢ =035
0.0 * PPL structure MD structure
0 5 10 15 20 25 S=2,A=3
142 1/2
te, (Ms ™)



FIG. 1: (a) Characteristic length scale ™™ and d * for a series of SDAPP polymer membranes
as a function of hydration (L) with different sulfonation levels (S): d * was obtained from SAXS

(open symbols) and MD simulation (half-filled symbols) structure factors while d"" " was
obtained from NMR spin diffusion experiments (solid symbols). Solid lines are provided as a
visual guide. (b) Simulations of NMR spin diffusion recovery curves using the normalized signal

intensity [M (t)/ M (oo)] obtained for a perfect periodic lattice (PPL) model (Fig. 1d) with

different domain sizes for the experimental SDAPP membrane with IEC = 2.1 A = 2.7. The best
fit for a hydrophilic domain size of 5 nm is shown (red line) along with the experimental data
(open circles). (¢) Normalized NMR spin diffusion signal intensity (red line) using the MD-
predicted structure (Fig. 1d) as the input geometry compared to the experimental data (open
circles). (d) The two structural models used to generate NMR spin diffusion curves; a simple
PPL model and the MD-structure where only the hydrophilic domains are shown.

Interestingly, while the MD-derived correlation distances are consistent with the SAXS

measurements, the NMR spin diffusion-determined ™" (assuming a simple 3D PPL model) are

significantly larger for all S levels, and the discrepancy increases with increasing hydration (

d"™" ranging between 2 and 15 nm). It is true that often SAXS correlation lengths do not have a
straightforward interpretation [39,46]. The scattering curves are typically fit assuming a
structural model, particularly the broad SAXS ionomer peaks observed here for the SDAPP

membranes [27]. However as noted above, the correlation lengths obtained from the MD-

simulated S(g) agree with the SAXS S(g) derived correlation lengths. We have used real-space

imaging from the MD simulations to show that the ionomer peak correlation lengths results from
inter-aggregate scattering (or from scattering between different pieces of long, extended
aggregates). For low hydration where the hydrophilic domains are relatively compact and not
percolated, the correlation length is the distance between centers of mass of the hydrophilic

domains [27].

However, when the MD-calculated structure (Fig. 1d) is used as the input model for the

NMR spin diffusion simulations instead of assuming a simple 3D nano-dispersed domain PPL

10



model, the predicted spin magnetization recovery curve agrees well with the experimental data
(Fig. 1c). The question therefore arises: Why are the NMR spin diffusion-measured domain sizes
d™® obtained assuming a PPL model so dramatically different from the d* derived from SAXS

and MD, while clearly the NMR spin diffusion recovery curve agrees when the MD-calculated

structure is directly used as the input model?

The choice of the geometric models chosen as input structures for NMR spin diffusion
studies is ideally motivated by other experimental characterization. In the case of SDAPP,
however, we have no definitive experimental analysis to support any proposed morphology, and
initially we chose the simple 3D PPL model for the NMR spin diffusion analysis. Comparison of
the PPL model to the MD-predicted hydrophilic cluster morphology (Fig. 1d) suggests there may
be significant differences between these models. (We note that here we compare to the MD
domain morphology obtained from a density-based clustering algorithm, as described in Ref.
29). One obvious feature in the MD-calculated morphology is an absence of periodicity, with the
hydrophilic domains not being regularly spaced. In addition, the domain shapes are irregular
(non-spherical and have a distribution of domain sizes - see Fig. 6 of Ref. 29). We propose that
such disordered morphologies may play a role in the domain-size-measurement discrepancy
observed in Fig. 1a, and the effects of such disorder on NMR spin diffusion measurements will

be the focus of the discussion.

NMR Spin Diffusion and Structural Disorder: The impact of structural disorder on
experimental NMR spin diffusion measurements has not been extensively addressed. Previous
authors have explored the effects of domain size distributions, vacancies, or positional disorder

using analytical solution to the diffusion equation [11,19,47]. Several of these disordered

11



morphology types derived from a perfect periodic lattice (PPL) model are illustrated in Fig. 2.
Cheung reported that orientational disorder (Fig. 2c¢) did not affect the NMR spin diffusion
behavior because the surface to volume ratio (S§/F) and the average distance between the
hydrophilic domains remains unchanged. We know that the initial time portion of the NMR

magnetization recovery for the hydrophilic domain M (¢, ) is directly proportional to /¥ (also

known as the initial rate approximation) and is described by [7,18]

MB(tSD) ~ S 2 pHA¢A+pHB¢B DADB — ?
o g |t o)

M, (tSD - °°) V oiar Pr Py

where V, , is the total volume, S is the hydrophilic domain surface area, Py, , Oy are the proton

densities, @,,@, are the volume fractions, and D,, D, are the spin diffusion constants for the A

and B domains, while the term O(1 [t 2) denotes terms that are quadratic in /., . The initial

S

linear portion of these recovery curves are directly proportional to S/V, which can be related

total >

to the domain size d™*% for dimensionality & by
V.
d™" =2¢eg, TI (%)

If S/V, € and ¢ are the same for a proposed structure then the initial buildup of the spin
magnetization will be equivalent. At longer spin diffusion periods (‘/tSD)the magnetization

recovery curves (Eqn. 4) can deviate significantly from this initial linear approximation due to
the specifics of the domain morphology including interfaces, domain size distributions and

heterogeneity of the domain locations (e.g. disorder and clustering).
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Cheung reported a power-law effect on the spin magnetization recovery curves (i.e.
longer recovery times) for structures containing vacancy disorder (Fig. 2b) or large distributions
of domain size (Fig. 2d) [19,47]. He showed that with sufficient disorder, the domain form
factors start to include increasingly lower values of the wavevectors ¢, which cancel in the case
of the PPL model. Inclusion of those long wavevectors, which control the long-time behavior of
the spin diffusion curve, causes the slower magnetization recovery. This power law behavior can
lead to an over-estimation of the average domain size if one models the magnetization recovery
curve assuming a simple 3D PPL model (where the domain sizes are constant). For SDAPP
membranes the morphology is argued to be very complex and heterogeneous, and not well-
described by a regular or periodic structure, for which analytical solutions to the diffusion
equation quickly become intractable. Instead, we address the role of different types of disorder
through numerical simulations using the NMR _DIFF_SIM program [18]. For this study, we
chose to highlight the effects of domain size distributions and of domain clustering (i.e.
heterogeneous variations in the spatial arrangement of identically-sized domains) on the

magnetization recovery, as these are relevant structural motifs in PEMs. The role of vacancies is

not discussed here as this disorder produces a change in the volume fraction @, (a parameter we
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FIG. 2: Tllustrations of some possible types of polymer domain structure disorder in comparison
to the perfect periodic lattice (PPL). The presence of (b) vacancies, (c) orientational, (d) a
distribution in domain sizes, (e) positional disorder, or (f) domain clustering are all
manifestations of adding disorder starting from well-structured periodic domains.

wanted to keep constant for the simulations), but the behavior of the resulting recovery curves is

closely related to significant heterogeneous positional disorder.

Distributions in Domain Sizes. One difference between the MD-predicted SDAPP morphology
and the 3D PPL structural model (Fig 1d) is the distribution of domain sizes present in the MD
structure. For example, see Fig. 6 of Ref. 29 which shows the distribution in the radius of
gyration for the different hydrophilic domains as a function of sulfonation and hydration. We

simulated domain size distributions by integrating the recovery of the NMR spin magnetization

14



for different mono-dispersed domain sizes M (tSD,d NMR) (individual spin magnetization

recovery curves shown in Fig. 1b), with the response for each domain size weighted by the

probability distribution function P(a™")

M(tg,) = _[P(a’ MM g, ™) d (@) (6)
Here we have assumed that the experimental NMR signal includes the response from different
volumes of the polymer where a given domain size dominates the spin magnetization recovery
curve. P (dNMR) could be described by many different functional forms including Gaussian,
Poisson, and beta distributions if they are physically realistic in describing the domain structure.

It is also possible to iteratively fit the probability distribution coefficients to minimize the

difference between the experimental and simulated NMR spin magnetization recovery curves
M (tg,) to directly obtain the distribution P(d™"). This method has been previously

successfully implemented [11], but the uniqueness of the resulting distributions has not been

fully evaluated. We explore the impact of varying domain sizes assuming a Gaussian distribution

P(dWR)=$exp[—(a’NMR —,u)z/20'2} (7)

where 4 is the mean domain size and O is the standard deviation. The NMR spin magnetization
recovery curves for 4 =5 nm (the best fit """ for a PPL model, Fig. 1b) as a function of o is
shown in Fig. 3. As expected for a very small standard deviation in domain sizes (0 = 0.1 nm)

the NMR spin diffusion recovery curve (dashed red line) is equivalent to the d™" = 5 nm
recovery curve in a PPL model (black solid line). With increasing o (2 and 5 nm) contributions

from the other domain sizes produce NMR spin diffusion recovery curves that approach the

15



equilibrium magnetization more slowly, similar to the effect seen for increasing d™*" (Fig. 1b).
This means that if the NMR spin magnetization recovery curve was measured and analyzed
using only the 3D PPL model with a single domain size, the estimated domain size would be
larger than the mean x domain size in the distribution. The impact of domain size distributions
is not dramatic unless the standard deviations are comparable to the domain size. This subtle

effect due to the presence of domain size distributions has been noted previously [18]. It should

be noted that while the Gaussian P(dNMR)is symmetric with respect to d, the response of

M (t, ) is not symmetric with respect to d, with the slower recovery behavior (effective larger

d™") becoming more important with increasing ¢. In the supplemental material, we have

explored the effects of other (asymmetric) domain size distributions [48,49] on the spin diffusion

recovery curves [34].
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FIG. 3: Simulated NMR spin magnetization recovery curves with a normalized signal intensity
[ M (tg,)/ M ()] assuming a PPL structural model with 5 nm domain diameters, and for

structures assuming a Gaussian distribution of domain sizes (mean & =35 nm ) with increasing

standard deviations (right) of 0 =0.1nm, 2 nm and 5 nm. Increasing o leads to a slower spin
magnetization recovery.

Impact of Domain Clustering. Another possible disordering of the polymer morphology away
from the simple 3D PPL model structure is heterogeneous clustering of hydrophilic domains, in
which the domains are no longer spatially located uniformly throughout the membrane. To
explore the impact of clustering, we extended the unit cell of the NMR spin diffusion simulation
from a single nano-dispersed hydrophilic domain surrounded by the aromatic polymer, to a larger

simulation unit cell containing 8 hydrophilic domains that can be moved relative to one another

(see Fig. 4a), while maintaining the same relative volume fraction ¢;. For these NMR spin

diffusion simulations, the hydrophilic domain sizes were fixed at d" = 5 nm (linear

dimension); this value again was motivated by the PPL model fit in Fig. 1b.
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FIG. 4: (a) Initial geometry for simulation of hydrophilic domain clustering with the simulation
unit cell containing 8 evenly-spaced domains for the fixed volume fraction (¢, =0.21). (b) and

(c) Visual representation of clustering progress as a decreases (A is increased). These structures
corresponding to the spin diffusion recovery curves in Fig. 6. (b) 3D view, and (c) 2D view of 1
< a < 0 (intermediate clustering, Eqn. (9)); (d) 3D view, and (e) 2D view of a = 0 (full
clustering).

As shown in Fig. 4a, the 8 hydrophilic domains (of d™** =5 nm) are located initially x, =
4 nm apart, with the closest hydrophilic domain COM to COM distance a = 9 nm. The total unit

cell has a linear dimension given by 4=18 nm, and is governed by the targeted hydrophilic

volume fraction ¢, via

1/3
A=d""® (ﬁj : (8)
?,

where N is the number of domains in the primitive unit cell for the simulation. As expected, the
calculated NMR spin diffusion recovery curve for this initial 8 domain PPL model configuration
is identical to the curve generated by a single domain (Fig. 1b, "% =5 nm) in a proportionally

smaller unit cell with the same volume fraction (See Fig. S1, supplemental material [34]), and
underscores the periodic boundary conditions used in NMR_DIFF_SIM.
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To explore the effects of clustering on the NMR spin diffusion curve, the relative
proximity of the domains was reduced as described by the parameter A (Fig. 4b); as A increases,
the eight hydrophilic domains in the unit cell move closer to one another in all three dimensions
until a single large domain is obtained (single large cluster). We define the dimensionless ratio

x,—2D

Xo

)

o=

to describe this clustering. In this example the clustering occurs in a uniform manner, with all the
individual domains approaching each other at the same rate. For the initial 3D PPL model
structure a = 1 (Fig. 4a), while for the fully clustered system (single large domain, Fig. 4d) a = 0.
For the structures used in the NMR spin diffusion simulations the domain clustering occurs in
the center of the unit cell, but it is known that under periodic boundaries the simulation results
are translationally invariant. In addition, clustering of hydrophilic domains in polymer
membranes may be expected to be non-uniform (more disorder), and subsequently would require

multiple distances to represent the structure.

The initial PPL model structure (a = 1) has three unique distances measured from the
center of each hydrophilic domain to the center of neighboring domains (Fig. 5). These domain
to domain distances split into 6 unique distances as the clustering proceeds. The end number of
unique distances depends on the number of domains in the simulation unit cell. One of the intra-
unit cell distances (within the primitive unit cell) is parallel to the face of the cluster and
described by the lattice parameter a, while the related inter-unit distance (between adjacent unit

cells through the periodic boundary conditions) is described by a':
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a= 4_ x,(1-)
2
(10)
. A
a =E+x0(l—0().
where Arepresents the linear dimension of the simulation unit cell. The hydrophilic domains in

the initial PPL model geometry (Fig. 4a) have 6 nearest neighbors linearly along a face, which

before clustering (oo = 1) have COM to COM distances of a=a'=9nm , 12 next-nearest
neighbors at the face-diagonal distance of JV2a=+2a'=12.7nm, and 8 third-nearest-neighbors
at the body diagonal distance of J3a=+3a'=15.6nm (Fig. 5, bottom). As the domains begin to

cluster, A increases and a decreases, with a#a' as described in Eqn. 10. Each of the domain to
domain distances split into intra-unit and inter-unit pairs. The discreet distance distribution
functions are shown in Fig. 5 as a function of a, with arrows to guide the eye as to which pairs of
distances corresponded to which initial values. This figure highlights that domain-to-domain
distances can become dispersed with increasing degrees of clustering, even though (for this
simulation) the domain sizes are constant. Since the evolution from the initial distribution with
decreasing a results in each initial distance splitting into two equal parts that move equal

amounts in opposite directions, the weighted average of the distributions

Zdini
(d)=2di =5 (1

1

remains constant at <d > = 12.75 nm for all values of a. Here, d, refers to the i"™ distance, /; to the
relative fraction of this distance and n, to the number of these distances (In Fig. 5 Z n, =26 for

all a). This is a very simple clustering model involving individual domains of equal sizes with no

size distributions allowing a single parameter a to describe the extent of clustering. For more
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complex structures the disorder can be described by other methods including the two-point

correlation function g, (|rab

), the Pearson correlation coefficient or bivariate correlation function

p(4,B), as further discussed in the supplemental material [34]. The NMR spin diffusion

simulations (discussed below, Fig. 6) reveal that clustering has a distinct impact on the

magnetization behavior even though the average <d> remains unchanged. This result re-

emphasizes that NMR spin diffusion is not reflective of an average domain-to-domain distance.

10{a V2a +V3a a' V2a' \/33'1 €
\ Y T H ! oc

\ ; Vo f / ™

i o)

10{ | / g E
i ap S0

! I

I Rl

/ I 2

(A

10+ ! =
0 0 E
b \ ap ©
c 5 | n
3 ~ 3
O 0 . l‘ -
10- I A i )
! / | /& / E =
| : 4 Iy i L?)
\ | ) AR / - o
“‘ ," "".“ ‘w_\ ;‘;I 3 <
0 : I"-I‘ I‘." I . \"‘.‘ ;‘." ‘I‘l.e' .
10 I‘I“".‘I‘"‘ .\.‘l‘l‘"‘l‘" b o g
| i - o
0 : ; ‘

aza V2a=+2a V3a=+3a'
distance (nm/a)

FIG. 5: Distribution of domain-to-domain distances for the structural models in Fig. 4 as a
function of the interspacing ratio o (Eqn. 9). The weighted average distance <d > remains

unchanged.
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The NMR spin magnetization recovery curves for the clustering structural model as a function of
o are presented in Fig. 6. We have included the experimental data (open symbols) for the

hydrated S = 1.9 (IEC = 2.1 meq/g), A =3 SDAPP polymer membrane for comparison [18].

Assuming a simple PPL structural model (Fig. 4a) with no clustering (a =1, solid black

line), the best fit to the experimental NMR spin diffusion results is with the hydrophilic domain

size d"™® =5 nm (see also Fig. 1b). With increasing degree of hydrophilic domain clustering
(decreasing a) the spin magnetization recovery curves take longer to reach equilibrium which is
the same effect of increasing domain size. In the limit of complete clustering of the individual
domains (a = 0) to form a single large domain, the NMR spin magnetization recovery curve is
indistinguishable from the recovery curve obtained from a 10 nm PPL structural model (Fig. 6a).
As disorder is introduced into the system in the form of domain clustering, the measured domain
size from NMR spin diffusion is observed to increases, even though the sizes of the individual
domains within the cluster remain constant. The analysis of the experimental NMR spin

diffusion results for the hydrated SDAPP membrane in Fig. 6a illustrates two important results.

First, using the simple 3D PPL structural model (d™" =5 nm) provides an upper limit on the

domain size, and the presence of clustering to produce a heterogeneous domain structure results
in an over-estimation of d™". Secondly, the more extensive the degree of clustering the larger
the impact on the estimated d™"". To further emphasize this point, Fig. 6b shows NMR spin

diffusion simulations assuming a domain size of d™"" = 2 nm. Again, with increasing clustering
(decreasing o) the apparent domain size increases until the fully-clustered limit of a single large
domain (~ 4 nm) is reached. For this simple clustering model (Fig. 4) we find that the limiting

domain size is given by
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limd™" ~(N)"“d

a—0

(12)

domain

where € is the dimensionality (i.e. 2D or 3D), N is the number of domains in the cluster and

d

domain

is the size of the individual domains before clustering. Therefore, the NMR spin diffusion

behavior in the presence of heterogeneous domain clustering is impacted by how close the
individual hydrophilic domains are spatially located and by the number of smaller domains that

may be incorporated into the effective cluster. Since the MD simulation for these SDAPP

membranes predicts clustering of the hydrophilic domains, the fact that ™* >d * (Fig. 1) is no
longer surprising because the NMR spin magnetization recovery curves are strongly impacted by

the non-periodic heterogeneous disordered nature of the polymer domains. Assuming an
effective d""" =5 nm with N =8 and € = 3, Eqn. 12 estimates a 2.5 nm domain size (in the limit

o = 0) which now matches the d ~2.5 nm from SAXS, and the d* ~ 2.3 nm from the MD
simulation. The distribution in the size and the shape of the hydrophilic clusters as well as the

heterogeneity in the local composition also impacts the width of the SAXS S(g). While

hydrophilic clustering may contribute to this heterogeneity, it is not the only factor controlling

the widths in S(¢). A modified hard cylindrical model has been introduced to fit the width of the

S (gq) ionomer peak for related materials [50].
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FIG. 6: (a) Simulated NMR spin magnetization recovery curves with normalized signal intensity
[ M (tg )/ M (=) | for the clustered model in Fig. 4 as a function of o assuming an individual

domain size of d""® =5 nm. With increasing clustering, a decreases and the spin magnetization
recovery curves approach equilibrium more gradually leading to an over estimation of the
domain size. (b) Simulated NMR spin magnetization recovery curves assuming an individual

domain size of d"""= 2 nm. The experimental results for the hydrated SDAPP membrane S =
1.9, A = 2.7 (open symbols), plus the best fit ™" = 5 nm (blue dashed line) are also shown.

IV. SUMMARY

Solid state NMR techniques such as NMR spin diffusion measurements are being widely applied
to investigate the morphology and domain structure of heterogeneous polymers and materials.
NMR spin diffusion experiments can be used to accurately measure domain sizes in systems
containing ordered well-structured geometries, and many studies have found consistent domain
sizes obtained from NMR spin diffusion and scattering techniques. However, the results
presented here demonstrate that disorder and heterogeneity of polymer domain morphology can
significantly influence the NMR spin diffusion measurements, yielding overestimation of

effective domain sizes; an impact that is not readily appreciated. In cases where domain size
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distributions or heterogeneous domain clustering may exist, care must be taken when interpreting
the NMR spin magnetization recovery curves with the knowledge that the domain size calculated
assuming a simple 3D PPL structural model only provides an upper bound of dispersed domain
size. For NMR spin diffusion techniques other structural input, either experimental or
computational, needs to be incorporated into the development of structural models to improve
the accuracy of the measured domain size. NMR spin diffusion experiments can then provide
complimentary information to scattering experiments in testing and distinguishing different

proposed structural models.
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