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Abstract

Solid state NMR spectroscopy is inherently sensitive to chemical structure and composition, and thus
makes an ideal method to probe the heterogeneity of multicomponent polymers. Specifically, NMR spin
diffusion experiments can be used to extract reliable information about spatial domain sizes on multiple
length scales, provided that magnetization selection of one domain can be achieved. In this paper, we
demonstrate the preferential filtering of protons in fluorinated domains during NMR spin diffusion exper-
iments using 'H-'"F heteronuclear dipolar dephasing based on rotational echo double resonance (REDOR)
MAS NMR techniques. Three pulse sequence variations are demonstrated based on the different nuclei
detected: direct 'H detection, plus both 'H->'3C cross polarization (CP) and 'H->'”F CP detection
schemes. This 'H-'F REDOR-filtered spin diffusion method was used to measure fluorinated domain
sizes for a complex polymer blend. The efficacy of the REDOR-based spin filter does not rely on spin
relaxation behavior or chemical shift differences, and thus is applicable for performing NMR spin diffu-
sion experiments in samples where traditional magnetization filters may prove unsuccessful. This
REDOR-filtered NMR spin diffusion method can also be extended to other samples where a heteronuclear

spin pair exists that is unique to the domain of interest.
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Spin Diffusion

'H-"F REDOR-filtered MAS NMR spin diffusion pulse sequences are introduced that exploit
heteronuclear dipole recoupling to preferentially suppress the 'H magnetization in a single chem-
ical domain. We demonstrate the performance of these REDOR-filtered experiments to directly
measure the fluorinated domain size in a blended copolymer where relaxation-based filters

proved unsuccessful.



Introduction

Many polymers with commercial applications are multi-component systems whose macroscopic proper-
ties (such as mechanical stability and conductivity) are determined by their microscopic characteristics,
including the sizes of phase-separated domains.!'! Measurement of domain sizes are therefore important
for optimizing a polymer’s performance in its intended capacity. A variety of techniques have been used
to characterize polymer morphology, including spectroscopic methods such as NMR, IR, and Raman,>!
microscopic methods such as AFM, SEM and TEM,* ¢l and scattering methods including SAXS and
SANS.I"1 Using these different techniques, the microscopic properties of multicomponent polymers
can be mapped to their functional characteristics allowing optimization of the synthesis and processing

steps to maximize the performance critical for a given application.

One important application is the development of polymer proton exchange membranes (PEMs) for dif-
ferent energy storage technologies, including use in fuel cells and™ 12! conventional™! and flow batter-
ies." Alternatives to the industry-standard perfluoronated Nafion polymer membrane are consistently
being explored to obtain PEMs with increased conductivity and extended high-temperature performance.
Recent studies have surveyed a range of sulfonated random and block copolymers to help develop corre-

lations between morphology and conductivity. 6 15!

Blends of common immiscible polymers such as
fluoropolymers and polystyrenes allow the combination of both the mechanical and chemical stability of
fluorinated polymers with the ionic conductivity of polyelectrolytes. These blends allow for the variable
tuning of properties while avoiding the synthetic difficulties associated with creating block and graft co-
polymers 16181 Efforts to optimize membrane conductivity (as well as other properties) and correlate it
with the nano-scale morphology depends on a reliable method to measure changes in the domain size

during synthetic and processing iterations.

NMR spin diffusion experiments can provide particularly robust domain-size measurements, especially
in disordered polymer systems where scattering techniques may fail. In a typical spin diffusion experi-
ment, the 'H magnetization is selectively suppressed (filtered) in one chemical environment, followed by
measurement of the magnetization recovery via spin diffusion originating from the strong 'H-"H homo-
nuclear dipolar coupling.!"! The recovered magnetization buildup as a function of the spin diffusion time
7, then provides a measure of the domain size within the material.*! A wide variety of polymer systems
have been studied with spin diffusion techniques, including blends,!:?%! fibers, ¥ block copolymers,**

26-28] The choice of which pulse sequence to use to

olyurethanes,!?*! and semi-crystalline bulk polymers..
polyu y poly
filter the '"H magnetization for a targeted domain depends on the chemical composition, relaxation dy-

namics, and spectral profile of the material in question. For samples with sufficient "H NMR chemical



(21. 291 have been used. Double quantum-fil-

shift resolution, variants of CRAMPS-filtered sequences
tered,*% dipolar-filtered,’*!- 32! and T7,-filtered™*! sequences exploit homonuclear dipolar couplings to se-
lect domains through the creation of multiple quantum coherences or through differences in the transverse
relaxation dynamics, while 2D WISE (wideline separation) experiments rely on 'H-'*C CP for detecting
the spin diffusion process.**) Sequences incorporating heteronuclear dephasing methods include the
HARDSHIP sequence,* along with the more recent 'H-"*C Lee-Goldburg cross polarization (CPLG)
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and 'H-"*C REDOR “hole-burning” NMR experiments to measure spin-diffusion coefficients.!
this paper, we extend these REDOR “hole-burning” studies by introducing a 'H-'"F REDOR-filtered
NMR spin diffusion sequence to measure the size of fluorinated domains in a polymer blend membrane.
It is demonstrated that the 'H spin diffusion can be readily measured either using direct 'H detection, or

through "*C or "F detection following cross-polarization from the 'H magnetization.

Experimental

For this paper, we investigated a blended copolymer composed of hydrophilic polyelectrolyte and hydro-
phobic polyvinylidene (PVDF) components (shown in Scheme 1) compatabilized with tetrabuytlammo-
nium hydroxide (TBA-OH).[*! The polyelectrolyte was a random copolymer of vinylbenzyl sulfonic acid
and vinylbenzyl alcohol. The ratio of PVDF to the polyelectrolyte was 65/35 (w/w), and was solvent cast
into membranes with a nominal thickness of 25 um before being activated with 1 M hydrochloric acid.
Details of the blended copolymer synthesis are given in a recent paper by Hou et al.!*”) The hydrated
membranes explored here were synthesized by the Madsen group,**! and used as-received following at-
mospheric exposure. For the dehydrated membrane experiments, the samples were dried under vacuum

over P>Os for 72 hours prior to being packed and sealed in MAS NMR rotors.

OH SO4H
+ — CH;— CFZ—%—
m
Polyelectrolyte PVDF

Scheme 1. The chemical structure of the blended PVDEF/polyelectrolyte copolymer. The polyelectrolyte component con-
sists of a random copolymer of vinylbenzyl sulfonic acid and vinylbenzyl alcohol. The PVDF polymer contains both
crystalline and amorphous phases as discussed in the text.



The 'H-'""F REDOR-filtered NMR spin diffusion experiments were carried out on a Bruker Avance III
spectrometer at a 'H Larmor frequency of 400.1 MHz. All experiments were performed using a 2.5 mm
['H,"F, X] triple resonance MAS probe, with 20 kHz spinning speeds, 3 s recycle delay, 100 kHz 'H
pulses, 80 kHz '°F pulses, 80 kHz '3C pulses, at a sample temperature of 311 K (corrected for frictional
heating). A spectral window of 160 kHz was used for the '"H MAS NMR and 150 kHz for the '°F MAS
NMR. Time-proportional phase modulation (TPPM) 'H decoupling was used during '*C and '°F acquisi-
tion on the 'H channel, while the "H-'"F REDOR portion utilized XY-8 phase cycling. CP contact times
were optimized for S/N at 1 ms for both 'TH->'3C and '"H->'°F CP, with 8 K scan averaging for the '*C
CPMAS, and 1 K scans for the '°F CPMAS detection schemes. The 'H NMR chemical shifts were refer-
enced to an external secondary H,O reference (8 = +4.8 ppm) with respect to TMS (8 = 0 ppm), the '*C
NMR chemical shifts were referenced to the secondary standard adamantane (6 =+38.0 ppm) with respect
to TMS, and the !°F NMR chemical shifts were referenced to the secondary standard ammonium trifluoro-
acetate (8 = -72 ppm) with respect to CFCl; (8 = 0 ppm). The DMFIT*! software was used for all spectral

deconvolutions.

Three variations of the 'H-"’F REDOR-filter NMR spin diffusion experiment were developed as shown
in Figure 1. For situations where the '"H chemical shift resolution of the PVDF phases is sufficient for
accurate deconvolution of the source and sink domain resonances, the spin diffusion recovery curves can
be measured via direct 'H observation (Figure 1A). For situations where the 'H resonances may not be
sufficiently resolved we also demonstrated both 'H-!3C (Figure 1B) and 'H-"F (Figure 1C) CPMAS var-
iations for detection using nuclei with greater spectral resolution. Note that for polymers with large do-

mains or slow diffusion constants, long spin diffusion times 7, would be necessary for complete spin

diffusion magnetization recovery. In these situations, spin-lattice T1 relaxation can mask the spectral
changes in the measured spin diffusion data. However, the effects of T; relaxation can be somewhat mit-
igated with appropriate phase cycling (+/-) of the n/2 pulse just before the spin diffusion period.*® The
signal intensity shown in the magnetization recovery curves presented in the results section have also been

empirically corrected for T relaxation effects.



Results and Discussion

Figure 2 shows the deconvoluted 'H MAS NMR (isotropic chemical shift region) and assignment of the
PVDF/polyelectrolyte blend. For the partially hydrated polymer membrane (Figure 2A) the narrow reso-
nance near 0 = +8.5 ppm results from water, sulfonic acid and alcohol protons in rapid exchange, while
the broad resonance at 6 ~ +6 ppm is assigned to aromatic protons of the polyelectrolyte. The low fre-
quency resonance near 6 = +2 ppm consist primarily of PVDF protons, with smaller unresolved contribu-
tions from the polyelectrolyte vinyl protons. The complete '"H MAS NMR spectrum is provided in the
supplemental material (Figure S7) which shows numerous spinning sidebands which clearly demonstrates
the aromatic and PVDF regions still have significant 'H-"H dipolar coupling. The '"H MAS NMR spectrum
for the dry polymer membrane (Figure 2B) shows that the PVDF, vinyl, and aromatic resonances remain
unchanged, while the sharp water resonance disappears and is replace by smaller, but strongly hydrogen-

bonded 'H environment near § ~+ 11 ppm.

To characterize the PVDF domain size in this PVDF/polyelectrolyte polymer blend, it is desirable to
suppress the 'H magnetization in the fluorinated PVDF (sink) phase, followed by a measurement of the
NMR spin diffusion magnetization recovery curve as the redistribution of 'H magnetization from the other
polymer domains (source domain) occurs. In this polymer blend, there was 'H spectral overlap of the
aromatic (+6 ppm) and the PVDF (+2 ppm) resonances even at 20 kHz MAS, making direct chemical
shift filtering techniques challenging.
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Figure 1. 'H-'F REDOR-filtered NMR spin diffusion pulse sequences utilizing different observe nuclei: (A) direct 'H-
observe, B) 'H>!3C CP observe, and (C) 'H->'°F CP observe. The '°F  pulses were rotor synchronized to refocus the 'H-
F heteronuclear dipole coupling eliminated by MAS, which selectively dephases the 'H magnetization in the PVDF do-
main. N, = 26 per acquisition for an echo time of 1.3 ms was used for suppression of the 'H signal in the PVDF phase.

Moreover, the 'H longitudinal spin lattice relaxation times of the aromatic and PVDF domains were
roughly equal (T (aromatic) = 1.2 s = T; (PVDF) = 1.3 s), precluding the use of Ti-filtering methods.
Finally, the transverse relaxation times or line widths (T2 ~ I/FWHM) were also not sufficiently different

to employ dipolar-filtering for discrimination of the fluorinated domain.



(A)

ionic
side groups/ =g

water aromatics

[

<« vinyl + PVDF

hydrated

< vinyl + PVDF (B)
aromatics
ionic l
side groups/
residual water
4

dehydrated

B 15129 6 303 6 9 12
'H (ppm)

Figure 2. '"H MAS NMR spectra (311 K, v = 20 kHz) of the PVDF/polyelectrolyte blended copolymer showing the

deconvolution of the spectral features (isotropic region shown) for A) the hydrated (as-received), and (B) dried polymer
membrane. The +2 ppm resonance was assigned to the 'H in PVDF and the polyelectrolyte vinyl, while the +6.3 ppm
resonance was assigned to the aromatic 'H environment. The high-frequency resonance at +8.5 ppm results from exchang-
ing protons of water and the ionic sulfonic and alcohol groups which diminishes and shifts to high frequency chemical shift
of ~ +11 ppm with dehydration.

In this paper we have introduced the 'H-'F REDOR-filtered REDOR NMR spin diffusion pulse sequence
(Figure 1) to obtain a clean discrimination of the protons in the PVDF phase. In the traditional REDOR
experiment,*?) the reduced signal S, results from dephasing produced by recoupling of the heteronuclear
dipolar interactions (i.e. "H-'"F in the present example) with the introduction of rotor synchronized het-
eronuclear '°F 7 pulses. This dephased signal intensity is compared to the full Hahn echol**! signal Sy

44,45

without recoupling,** **! with the ratio related to the heteronuclear second moment M- for a multi-spin

system using[4%- 4]

Sy—=S, 4
B e 2
0
where the dipolar evolution time N7, is the product of the number of rotor cycles N, and the inverse of
the MAS speed (7, =1/v,). M}" in turn depends on the effective heteronuclear dipolar coupling con-

stant (dHF ) as
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where y, and y, are the gyromagnetic ratios of the 'H and '°F nuclei, / is the spin quantum number of
the '°F dephasing nucleus, 7, is the inter-nuclear distance, and the summation is over all "H-'"F interac-
tions in the system. Depending on the M]" of the fluorinated domain, the signal suppression can be op-
timized by varying N.z, following Eq. (1). In a traditional REDOR experiment, S, —S, /S, is used to
provide a measure of d™" or r,, for the sample. For the REDOR-filtered NMR spin diffusion experiments
only the dephased signal S is of concern, and in our example allows the selective dephasing of the 'H

near '°F in the PVDF domain. In the polymer blend sample, optimal suppression was obtained using N, =

26 (N.t,= 1.3 ms), which was followed by spin diffusion of 'H magnetization back into the PVDF
domain during 7, (see Figure 1). The domain sizes were evaluated by analyzing the magnetization recov-

ery curve based on integration of PVDF-associated resonances (e.g. 'H, '°F or 1°C).

NMR spin diffusion is expected to follow a Fick’s Law diffusion process of the form'**

oM (r,7g,)

2=V DM () |, G)

where M (17 ,TSD) is the spatial magnetization and D(;7 ) is the domain specific spin diffusion constant.
Differential equations of this type have solutions that are proportional to / Dz, ,1**! and thus the magnet-

ization recovery is commonly plotted as a function of /7y, . Using the DIFFSIM simulation program

developed in our lab to analyze NMR spin diffusion data via Eq. (3),[*8) the domain sizes were determined
assuming a 3D model of randomly dispersed uniform-sized PVDF domains. While T, relaxation can also
be included during the analytical evaluation of the spin diffusion response, relaxation was not explicitly
included for the simulations presented below. The spin diffusion coefficients D for each domain was es-

timated from analytical expressions for a Gaussian line shape as employed in previous studies** #°->!]

1 V4 )
D=3 21n2<r )0y, (4)



where , /<r2> is the mean square distance between the 'H spins (estimated as 0.182 nm in PVDF and 0.249

nm for the aromatic protons in the polyelectrolyte), and Av,, is the full-width-at-half-maximum line

width. This relationship provides a first-order estimate of the 'H spin diffusion, because the MAS lin-
ewidth is principally governed by nearest-neighbor 'H-'H interactions, while longer range interactions
can influence the spin diffusion process.l*) Heteronuclear dipole coupling also contributes the 'H lin-
ewidths, but the effects of moderate MAS are expected to largely suppress those interactions (see Fig. S5

3352 For the same reasons, '°F effects on the 'H spin diffusion are not expected

supplemental material).l
to make a large contribution. It is possible to incorporate '°F decoupling during the spin diffusion period
(Figure 1) if these heteronuclear contributions become significant, but '°F decoupling was not incorpo-
rated in the current example. Based on the experimental MAS linewidths (no '°F decoupling) we estimate

an effective diffusion constant for the PVDF domain of D, =0.028 nm?/ms, and for the aromatic poly-
electrolyte phase D, = 0.067 nm?/ms. The water/ionic protons in the hydrated membrane are expected to

have a negligible impact on the observed spin diffusion to the PVDF domain, as the D for this mobile

environment is very small in comparison to the rigid aromatic protons (D, < 0.001 nm*/ms based on

water
the linewidth in Figure 2A). As reported by other groups, the magnitude of D is inversely proportionally
to the MAS rate and produces trends that are consistent with the reduction in D estimated from the MAS

37, 39, 48, 53-55]

line widths using Eqn. 4.! Holestein et al. reported a 'H spin diffusion value of D, =0.2

nm?*/ms in PVDF under 10 kHz MAS;**) making our smaller D value reasonable (estimated at 20 kHz
MAS). It is well-known that the accurate determination of D remains an issue in analyzing NMR spin
diffusion experiments, with changes in D producing a scaling of the calculated domain size. We argue that
the estimated effective D based on the MAS line width utilized in the current discussion provides an upper
limit to the measured domain size. For many systems, where one is exploring the impact of synthesis or
processing on the local morphology, relative changes in the domain size can still be measured directly

even with an uncertainty in D.

Figure 3 shows the 'H-'"F REDOR-filtered NMR spin diffusion spectra ("H detected, Figure 1A) as a
function of spin diffusion times 7, for the PVDF/polyelectrolyte blend. For the hydrated polymer blend

(Figure 3A), the 'H signal for the PVDF domains is selectively suppressed for short spin diffusion times
(74, <1ms), while the 'H signals from the polyelectrolyte aromatic and ionic H2O/SOsH/OH environ-

ments remains (black line, Figure 3A). Approximately 10% of the original signal remains in the vi-
nyl+PVDF resonance after dephasing, which we attribute to overlapping vinyl 'H in the polyelectrolyte
phase. The aromatic resonance remains largely unaffected. The spectra in Figure 3 A are shown normalized

to the aromatic resonance to graphically emphasize the magnetization buildup in the PVDF domain, but
10



this can be slightly deceiving due to differences in the '"H T1’s between polymer environments. For the
analysis of the NMR spin diffusion recovery curves, the absolute intensity from deconvolution for the

different resonances was employed. With increasing 7, , the magnetization from the aromatic and vinyl

"H of the polyelectrolyte phase diffuses back into the PVDF domain, until at the longest spin diffusion

ionic (R)
side groups/

vinyl + PVDF

hydrated

Increasing T,

Increasing T,

Figure 3: 'H-'F REDOR-filtered 'H-detected MAS NMR spin diffusion spectra as a function of the spin diffusion time
7., (110200 ms)using the pulse sequence in Figure 1A for the (A) hydrated and (B) dehydrated polymer blend membrane.

times ( 7y, > 200 ms) the PVDF 'H magnetization has fully recovered (top green line in Figure 3A; com-

pare to Figure 2A). For the dehydrated polymer (Figure 3B), the significant total signal loss during the
REDOR filter (~91%) also emphasizes the residual TBA-OH solubilizer due to the long T> of TBA (see
assignment discussion in supplemental material). This polymer blend membrane, with the multiple over-
lapping 'H resonances (Figure 3), provides an example where selective filtering of magnetization is not
realized by differences in relaxation behavior or chemical shift resolution, but where the 'H-'F REDOR-
filter is uniquely useful. This example also highlights the T relaxation limitation of the 'H-"F REDOR
filter where significant S/N degradation may occur during the long REDOR period (NCTR ) used during
the complete suppression of the fluorinated domain. The relatively short 'H T in materials may therefore
limit the measurement of very large domain sizes. Higher MAS speeds would lead to increased T2 values,

but this improvement would be counteracted by the reduction of the spin diffusion constant D (see dis-

cussion above). Investigation involving coupling between different heteronuclear spin pairs (e.g. *'P-*C,

11



31P-I5N etc.) may produce slower T> relaxation, and correspondingly the ability to measure larger domain

sizes.

The measured spin diffusion recovery data (open circles) for the hydrated and dehydrated polymer blend
are shown in Figure 4A and 4B, respectively. Simulations of these magnetization recovery curves were

performed by incrementing the PVDF domain size, while maintaining the constant experimental volume

fraction, to minimize . An average PVDF domain size of 4.0 + 0.2 nm was determined was measured
for both the hydrated and dehydrated domains. The y*-minimized best fit to each data set (blue broken

line), while two other domain size simulations (solid lines) with their corresponding larger y*values are

provided as a demonstration of the sensitivity of the NMR spin diffusion measurements to yield accurate
domain sizes on the order of + 0.2 nm. The impact of ~ 65 to 80% variation in the estimated D on the
simulated recovery curves is shown in Figure S6, and would produce a similar error in the measured

domain size.

While these results are promising, there will be many instances where the '"H NMR signal is insufficiently
resolved for accurate spectral deconvolutions. In these cases, it possible to include a 'H->'*C CP step to
the '"H-""F REDOR-filtered pulse sequence (Figure 1B) for '*C detection to improve the spectral resolu-
tion of the different domains. An example for the hydrated PVDF polymer blend membrane is shown in
Figure 5A, where the buildup of the PVDF CH: resonance is monitored (see supplemental material for
full resonance assignments) as shown in Figure 5B (open symbols). Additional 'H-'*C and '""F-13C

CPMAS NMR experiments used for assignments is provided in the supplemental material.

12
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Figure 4: NMR spin diffusion magnetization recovery curves obtained from the 'H-detected 'H-'F REDOR-filtered
pulse sequence (Figure 1A). Experimental data points are the integrated intensities of the 'H resonance of the PVDF do-

main as a function of \/tgp . Best fit simulations (broken lines) obtained by numerically solving the Equation (3) to
minimize ¥ 2 using a 3D model of isolated dispersed PVDF domains as discussed in the text. Solid lines show the behavior

of simulations with smaller (top) and larger (bottom) domain sizes.

Simulation assuming a 3D uniform-sized domain model again estimates an average PVDF domain size
of4.1 £0.1 nm (*C CP detected), and agrees with the size measured from the direct 'H observation NMR
spin diffusion experiment (Figure 4A). While the S/N in this example is low, the resulting spin diffusion
recovery curve remains well-behaved due to the improved spectral resolution afforded in the *C NMR
spectra. By including a final 'H-'F CP step, it is also possible to monitor the 'H spin diffusion through
detection of the !°F in the PVDF domain. This CP step takes advantage of the increased sensitivity and
high natural abundance of the '°F nucleus along with avoiding potential complications from overlapping
3C resonances. The 'F NMR spectra for the dehydrated polymer blend following a 'H-'F REDOR-
filtered spin diffusion experiments is shown in Figure 5C. Here, the entire ’F MAS NMR spectrum (in-

cluding spinning side bands) is integrated to generate the recovery curve shown in Figure 5D. PVDF

13



exists in a mixture of amorphous and crystalline phases which manifest different chemical shifts, compli-
cating what might otherwise be expected to be a simple spectrum. The different '°F assignments were
made using a crystalline filtering experiment (see supplemental material) and match previous literature
assignments.**! We argue that for this blend these NMR spin diffusion experiments are probing the mor-
phology of a mixed phase, and that for this polymer blend large PVDF crystallites are not present. The
characteristic '°F resonances associated with the formation of the p form PVDF crystallites was not ob-
served except for blends where clear um phase separation is seen in the SEM (additional discussion in
supplemental). The domain size of this mixed phase was estimated to be 4.0 £0.1 nm, and matches the
measurements obtained with the other pulse sequences variations described above. The °F-'"H REDOR
sequence with short dephasing periods (Nc~ 6) selectively dephases the PVDF crystalline resonances in
the 'F NMR since the 'H-'°F heteronuclear dipolar coupling is stronger in the crystalline versus amor-
phous phase, and has been used to measure the degree of crystallinity in PVDF by Ando and co-work-
ers.[*3 In principal, this dephasing difference could be used to measure the relative domain size of the
crystalline and amorphous phases of PVDF by monitoring '°F spin diffusion between these domains, but
were not pursued in the current study as we are probing the morphology of a mixed phase with no signif-
icant-sized crystallites. In addition, even if there were distinct amorphous and crystalline phases on the
nm scale in these blends, the NMR spin diffusion experiments would be further complicated by both the
aromatic and amorphous PVDF contributing to the source magnetization. It is also possible to extend the
'H-""F REDOR-filtered NMR spin diffusion pulse sequences presented here to other nuclei for measuring
domain sizes in heterogeneous material, if there are unique spin pairs associated with a given phase (of
sufficient natural or enriched abundance) that allows dephasing through the heteronuclear dipolar cou-
pling. Other examples might include 'H->'P, F-*'P, 'H-"Li, 'H-’H, *'P-**Na REDOR filtered NMR spin

diffusion experiments, and would depend on the specific material of interest.

14
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Figure 5: 'H-!°F REDOR-filtered NMR spin diffusion data for the (A) 'H->'3C CP detected pulse sequence (Figure 1B)
and the (C) 'H->'F CP detected pulse sequence (Figure 1C). The spin diffusion recovery curves (B and D) show the
experimental data (open symbols) along with simulated response curves (dashed and solid lines) based on Eqn. (3) for
different PVDF domain sizes. Additional simulation details are provided in the text.

While based on the heteronuclear REDOR sequence, the methods presented above differ from the 'H-13C
“hole-burning” technique presented by Schmidt-Rohr.*®! For the PVDF polymer blend sample, the fluor-
inated domains have high '°F densities, such that the description of an isolated nucleus (**C in Ref. 36)
dephasing the surrounding 'H bath is not applicable. Rather, the '°F and "H nuclei, of roughly equal num-
ber densities, are dipolar-coupled in the PVDF domain with the REDOR filter dephasing of the entire
domain. The presence of these strong multi-spin interactions precludes an estimate of the upper domain
size that can be studied using these 'H-!°F REDOR-filtered NMR spin diffusion experiments (beyond the
T relaxation time limitation discussed in the previous sections). However, we note that NMR spin diffu-
sion techniques described in this work probe length scales below the resolution limit of traditional mi-

croscopy techniques such as SEM or TEM in polymers, and furthermore require no electron density con-
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trast. For the polymer blend sample characterized in this work, separate chemical domains were not visi-
ble, with the sample appearing completely homogeneous in SEM images (see Figure 1A of Ref. 40).14°!
For polymer blend samples where distinct pm-sized domains were evident in SEM (see Figure 1B and 1C
of Ref. 40), the polyelectrolyte and PVDF are no longer mixed at the molecular level and have signifi-
cantly reduced interfaces between the different polymers, such that the NMR spin diffusion experiments

were not successful.

Conclusions

We have demonstrated a 'H-'"F REDORfiltered NMR spin diffusion pulse sequence allowing the selec-
tive suppression of the 'H signal originating in fluorinated polymer domains. This sequence was used to
measure the domain size of PVDF within a blended copolymer currently being considered for use as a
proton exchange membrane in fuel cells. It is shown that through both direct 'H detection along with "H-
13C and 'H-"F CP detection of the NMR 'H spin diffusion process, consistent measurements of the do-
main size were obtained. Provided that the domain of interest contains a unique heteronuclear spin pair,
these types of REDOR-filtered NMR spin diffusion experiments could be used to selectively suppress
magnetization in that domain using the corresponding heteronuclear dipolar dephasing. This class of
REDOR-filtered NMR spin diffusion pulse sequences provide an additional tool for probing domain sizes

in heterogeneous materials where other magnetization filtering technique prove insufficient.
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