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Figure 2 — SEM images of the surface of PVDF at (a) x1000 magnification and (b)
x3000 magnification. The polymer surface shows 1 um pores with large polymer
domains that continue beneath the surface of the polymer.
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Figure 3 - SEM images of the surface of PTFE at (a) x1000 magnification and (b)
x3000 magnification. The polymer surface shows 1 pm pores or larger and has a
different polymer morphology than the PVDF polymer.
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The SEM images show the morphology of the polymer films that were used to
create the polymer composite material. The images of PVDF in Figure 2, show a
continuous and uniform distribution of the polymer domains and pores throughout the
polymer’s surface. In Figure 2b, the surface is mostly composed of overlapping polymer
domains and pores on the 1 um level. The large polymer domains contribute to the
strength and rigid nature of the polymer disc used in the composite preparation.
However, the total pore volume at the surface will determine the amount of exposed
electrolyte to the catalyst material, which influences the number of ions passing through
the electrolyte material. The polymer material must balance mechanical strength with
number of pores to ensure that the composite material is strong enough to avoid
deformation and provide adequate contact.

The SEM images of PTFE show in Figure 3 show a different distribution of the
polymer domains than in PVDF. On a larger scale the PTFE does not appear to have a
more porous surface than PVDF but polymer domains divide into a morphology that
resembles a neuron. The surface of PTFE shows 4-5 um clusters of PTFE connected by
fibrous polymer material approximately 3-4 um long. In gaps between the polymer
clusters are the pores of the material for the electrolyte. The larger pores would expose
larger portions of the electrolyte to the catalyst increasing the transport of ions across the
electrolyte. The important feature of any porous polymer for electrolyte materials is that

the polymer must have a path for the electrolyte material to reach both side of the



Chapter 7 Ph.D. Thesis — J.W. Traer McMaster — Department of Chemistry 195

polymer film without the creation of bottlenecks to the diffusion of ions through the
material. .

The resistance of the polymer backbone to chemical attack controls the lifetime of
a fuel cell.” % The relative strength of a carbon-hydrogen bond versus a carbon
fluorine bond makes the PVDF polymer susceptible to chemical degradation.
Unfluorinated sections of a polymer decompose faster, leading to a shorter lifetime for
the polymer material.>* The carbon fluorine bond is stronger than the carbon hydrogen
bond by 69 kJ/mol (485 versus 416 kJ/mol)."®* For these reasons, polymers with a fully
fluorinated backbone are preferred over unfluorinated materials. However, using PVDF
over PTFE as a polymer host is cost effective solution.

In terms of the spectroscopic studies of interest here, the background resonances
from the polymer material will overlap with the resonances of the electrolyte for the
polymer composite. For the purpose of the solid-state NMR investigation, the partially
protonated backbone of PVDF poses a challenge. This is especially problematic if the
amount of the electrolyte is small, such that the background could obscure the electrolyte
signal. The 'H NMR spectrum of pure PVDF in Figure 4 shows the proton resonance
present in the aliphatic region of the spectrum, which will be observed in the composite

samples as well.
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Figure 4 — The 'H NMR spectrum of PVDF at 10 kHz MAS, shows a broad

resonance for the -CH»- protons at 2.5 ppm.

The polymer protons of PVDF provide a method for monitoring the dynamics of
the backbone. The initial linewidth of the protons at 2.5 ppm in the 'H NMR spectrum at
298 K is 950 Hz. The motion of the polymer backbone causes the linewidth to reduce as
the temperature increases. A plot of the 'H linewidth for PVDF versus temperature in
Figure 5 shows that the protons of the backbone experience local dynamics, which
results in line narrowing at higher temperatures. The activation energy for the motion of
the polymer backbone in PVDF is 14 + 2 kJ/mol. By comparison, the activation energy
for polyethylene from a >C NMR 2D exchange study was 103 = 10 kJ/mol.”* * This
activation energy measures the chain dynamics that interchange the domains of
amorphous polyethylene to crystalline polyethylene. This activation energy for

polyethylene is higher due because it accounts for the energy needed for a phase change
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and the dynamics. The low activation energy of PVDF suggests that the backbone
fluctuates between different positions easily. The linewidth of the polymer is 350 Hz at
360 K. The wide lineshape of the proton resonance suggests that the protons are not
experiencing fast dynamics. However, the motion of the polymer backbone could

facilitate the transport of ions in the electrolyte.
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Figure 5 — The plot of T>* versus temperature, the activation energy of the backbone
dynamics is 14 + 2 kJ/mol from '"H NMR linefitting methods.

7.3 — Polymer composite: Bi-ePA
7.3.1 — Concentration Dependence

The Bi-ePA electrolyte is a good electrolyte candidate because the pure
electrolyte has a melting point above the boiling point of water. For an anhydrous fuel

cell operation above 100°C is an essential feature. The synthesis of the polymer
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composite requires a solution of the electrolyte using a solvent that wets the polymer,
swelling the material to increase the uptake of the electrolyte. The amount of electrolyte
in the polymer was found to be proportional to the concentration of the stock solution.
PVDF was soaked using two stock solutions of Bi-ePA having a concentration of 0.5 M
and 1 M in dimethylsulfoxide. The TGA of the two materials are shown in Figure 6. The
0.5 M concentration has a larger polymer decay indicating that the material has less
electrolyte. The results of the TGA are summarized in Table 1.

Table 1 — TGA results for the PVDF composites, calculated values are marked by an
asterisk.

0.5 M Electrolyte 1 M Electrolyte
i Solution/ % Solution / %
Polymer Decay 70 60 4
Polymer Remaining 30 25% 19%
Electrolyte 0 15% 37*

The TGA of the pure material helps calculate the amount of electrolyte in the polymer
composites. Only 70% of the polymer’s mass decays in the TGA of the pure PVDF
sample. Using the 70 to 30 ratio and the mass loss of the PVDF in the composite
material, it is possible to calculate the total percentage of polymer material in the
composite. The remainder of mass after the sum of both polymer contributions is the

total mass of the electrolyte.
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Figure 6 - The TGA of the two PVDF: Bi-ePA samples (0.5 M as red and 1 M as
black). The polymer degradation begins near 400°C. The TGA results show that the
polymer accounts for a greater portion of the 0.5 M sample. The mass of the
electrolyte in the 0.5 M sample is 15 % and 37 % for the 1 M sample.

The TGA of the more concentrated sample in black in Figure 6, has 63% of the sample
mass as polymer, leaving only 37% as electrolyte. This sample will have the designation
PVDF: (Bi-ePA)y37;. This new label incorporates the total amount of electrolyte into the
name of the polymer composite. The decay of electrolyte in PVDF: (Bi-ePA)( 37 has two
electrolyte plateaus, while the lower concentration sample has only one. The
decomposition events of the electrolyte occurs prior to the polymer and their magnitude
is dependent on the total concentration of the electrolyte in the material. The first
decomposition near 200°C in PVDF: (Bi-ePA), 5 is very small and is stronger in the
more concentrated sample. From this it is clear that the amount of electrolyte in the

polymer composites depends on the original stock concentration.
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Figure 7 — The 'H MAS NMR spectra of PVDF: Bi-ePA at 25 kHz MAS from stock
solution concentrations of (a) 37%, (b) 15%, (c¢) pure electrolyte, (d) a stack plot of
the hydrogen bonding region of the three spectra. The blue regions represent N-He-O
hydrogen bonds, red for OH--O, and grey for aromatic or aliphatic resonances.

The spectra of the resulting polymer composite materials are shown in Figure 7. The 'H
NMR spectra of PVDF: Bi-ePA for these two concentrations are different. The "H NMR
of PVDF: (Bi-ePa) 37 solution (Figure 7a) resembles the 1D spectra of the Bi-ePA solid
electrolyte, however the spectrum of the polymer composite from the 0.5 M solution does
not (Figure 7b). The spectrum of Bi-ePA from Chapter 5 and Figure 7a are

superimposable in the hydrogen bonding region, suggesting that the electrolyte in the
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more concentrated sample has the same bonding motif as the stock electrolyte in the
solid-state. The PVDF: (Bi-ePa)y 15 polymer composite has a narrower linewidth for the
electrolyte than the higher concentration mixture and the hydrogen bonding resonances
are only visible through one resonance near 11.1 ppm. This resonance in the stock
electrolyte is from the O-H--O hydrogen bond of Bi-ePA and in the PVDF: (Bi-ePa)o.i5
polymer composite the hydrogen bonding resonances are undergoing exchange. This
results from the fast local dynamics of the electrolyte in the pores of the polymer
material. As the electrolyte fills the polymer the local motion of the electrolyte
decreases. The smaller linewidth of the PVDF resonance in the PVDEF: (Bi-ePa)g s
polymer composite (550 Hz versus 720 Hz) shows that the mobility for the latter
composite material is greater than in the more concentrated composite. The mobility of
the polymer backbone would require some free volume to accommodate some motion in
the backbone of the polymer, while the more concentrated composite does not have as
much free volume, restricting the motion of the polymer backbone.

The 'H-'H double quantum filter (DQF) spectra of the two PVDF: Bi-ePA
composites in Figure 8, showed a reduction in the intensity of the resonances. Only
resonances of protons that experience strong dipolar couplings are present in the DQF
spectra of the polymer composites. The attenuation of the dipolar couplings in the
PVDF: (Bi-ePa)g 15 composite are a result of the high degree of local mobility. For the
PVDF: (Bi-ePa)y3; polymer composite, the intensity of the 'H-'H DQF resonances

decreased versus the regular '"H MAS spectrum. The original electrolyte material also
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experiences a decrease in DQF intensity for each resonance, the DQF signal of the two

highest hydrogen bonds is 75 + 3% of the original MAS signal.
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Figure 8 — The 'H-'H DQF spectra of (a) PVDF: (Bi ePa)y ;5 (b) PVDF: (Bi ePa)g3;.
The complete decay of the resonance from (a) shows that no strong dipolar couplings
remain for the electrolyte.

For the PVDF: (Bi-ePa), 37 polymer electrolyte, the decay of the DQF signal for the same
hydrogen bonds is 15 + 2% of the original signal from the 'H MAS spectrum. This
shows that the electrolyte in the polymer composite material has significantly attenuated
dipolar couplings compared to the pure electrolyte material. The attenuation of the
dipolar couplings is caused by the motion of the polymer, which enhances the motion of
the electrolyte.

The PVDF: (Bi-ePa)y 5 composite has the higher local proton mobility at room
temperature but the signal intensity in the 'H NMR spectrum from the material is

significantly less than the PVDF: (Bi-ePa)y3; composite. This can be seen from the
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relative intensity of the two PVDF resonances, which acts as an internal standard. By
comparison, the 'H-'H DQF spectrum of PVDF: (Bi-ePa)o s has no observable intensity
from the electrolyte than the PVDF: (Bi-ePa)g37 sample. The ionic conductivity of the
polymer composites is used to determine whether the local mobility of the electrolyte
actually contributes to the long range transport of ions through the electrolyte material.
The ionic conductivity of the two PVDF: Bi-ePA polymer composites in Figure 9 show

that the PVDF: (Bi-ePa)o.15 composite has a significantly lower ionic conductivity.
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Figure 9 — The ionic conductivity of PVDF: Bi-ePA at two different concentration
levels. The lower concentration has solid circles, while the higher concentration has
open circles on the graph.

The ionic conductivity of the PVDF: (Bi-ePa)y;s composite does not scale with
temperature as efficiently as the PVDF: (Bi-ePa)y3; composite. By 110°C, the
PVDF: (Bi-ePa), 37 composite has reached 5.9 x 10 S/cm and is two orders of magnitude
ahead of the PVDF: (Bi-ePa)o 15 composite. This shows that the lower concentration of

the electrolyte in the polymer material cannot transport ions as fast as the higher
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concentration composite. This is attributed to the lower number of charge carriers in the
PVDF: (Bi-ePa), ;5 composite, which lowers the ionic conductivity. A summary of these

findings are illustrated schematically in Figure 10.

High Concentration

Figure 10 — An illustration of high and low concentration of electrolyte in the PVDF

polymer composites. The blue lines represent the polymer and the grey hatched

circles are the electrolyte.
The concentration of the electrolyte controls the amount of ion transport and in low
concentration ion flow can be interrupted by a lack of a continuous network of the
electrolyte. This confirms that the concentration of the electrolyte inside the polymer is
extremely important in determining the macroscopic ionic conductivity. The graph in
Figure 9 implies that having more of a less mobile electrolyte is better than having less
of a more mobile electrolyte, in cases where the polymer backbone is not active in proton
transport. Thus, for the remainder of this chapter the concentrations of the electrolyte

solutions used in the synthesis was maintained at 1 M. This concentration of electrolyte
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solution is shown to be able to generate an ionic conductivity that is comparable to or
better than other anhydrous electrolytes for use in a proton exchange membrane for fuel

cells, 3934

7.3.2 - PTFE vs. PVDF

The interaction of the electrolyte and the polymer differs between PTFE and
PVDF. The SEM images of PVDF: (Bi-ePA) 37 and PTFE: Bi-ePA in Figure 11 shows
the different morphologies of the two polymer composite materials. In Figure 11a, the
PVDF composite is not fully saturated with electrolyte material and 1-5 pm pores still
exist. The electrolyte in PVDF coats and forms around the polymer clusters observed in
the earlier SEM images of Figure 2. This might ensure the transfer of protons through
the structure but the lack of electrolyte in the free volume of the electrolyte would limit
the number of charge carriers available to transfer ions between electrodes, reducing the
ionic conductivity of the composite. Large amounts of free volume in the polymer
composite could also permit unreacted hydrogen fuel to diffuse through the polymer and

react with the oxygen at the cathode.
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(a)

Figure 11 — The SEM images of the polymer composites (a) PVDF: (Bi-ePA) .37
and (b) PTFE: (Bi-ePA) 53, collected with x3000 magnification. The SEM images
show the difference in morphology for the two materials.
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In the SEM image of PTFE: Bi-ePA (Figure 11b) the polymer is fully saturated
with electrolyte material. The electrolyte material forms large domains with the PTFE
fibers included into the solid electrolyte. Thermogravimetric analysis of Figure 12
reports that the electrolyte material in PTFE: Bi-ePA has 53% of the total weight of the
sample. The free space that is available between electrolyte domains is spanned by PTFE
fibers that provide support for the composite. Closer inspections of the surface show
evidence that the PTFE strands are incorporated beneath the surface of the electrolyte
domain. The surface of the PTFE composite is more uniform than the surface of the
PVDF composite and would provide more surface area for the catalyst to transfer ions
into the electrolyte. The PTFE samples would also prevent hydrogen crossover since the
composite is a solid material. The large electrolyte domains would also be able to
transport more ions due to the large amount of charge carriers present at the surface of the

polymer composite.
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Figure 12 — The TGA traces of PTFE: Bi-ePA (red) and PVDF: Bi-ePA (black).
Mass loss of pure PTFE showed a 100% mass loss of its mass. Thus, the total PTFE
in the composite is 47%.

The protons of PVDF overlap with the alkyl groups of the model salts from
Chapters 5 and 6. The overlap of the PVDF protons crowds the spectrum and obscures
the resonances of the electrolyte. By replacing the PVDF with PTFE, the electrolyte
material becomes easier to observe in the 'H NMR. This greatly decreases the
complexity of spectrum and increases the sensitivity of the experiment. The 'H MAS
spectrum of PTFE: (Bi-ePA) 53 in Figure 13a has no resonances relating to the backbone
of the polymer and the alkyl resonances are easily observed. In the '"H MAS spectrum
the alkyl resonances are beginning to split in to separate resonances, indicating an

increase in mobility over the pure electrolyte material.



Chapter 7 Ph.D. Thesis — J.W. Traer McMaster — Department of Chemistry 209

r—%F - fF -y e 17

20 15 10 5 0 -5 'Hppm 20 10 0 'H ppm

Figure 13 — (a) The '"HMAS spectrum of PTFE: (Bi-ePA)ys3 at 25kHz MAS. The
benefit of switching to PTFE is that there are no polymer resonances in the
spectrum. (b) The 'H-"H DQF spectrum using 11 of recoupling for PTFE: (Bi-
ePA)ys3. (¢c) The 'H MAS spectrum of the pure electrolyte.

Fitting the lineshape of the PTFE: (Bi-ePA)y 53 protons from the 'HMAS spectrum to the
original Bi-ePA pattern, showed that the mobile ethyl resonances comprise 10 % of the
total signal for the ethyl protons. A similar result from a study of rubidium
methylphosphonate suggested that the alkyl group experiences the onset of dynamics
prior to the protons in the hydrogen bonded network.” The increased mobility of the
ethyl protons within the composite supports the hypothesis that the polymer composite
has increased dynamics over the pure electrolyte. The increased dynamics implies that
the composite will serve as a better proton conductor than the pristine electrolyte, in

addition to offering superior mechanical properties.
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In the "H-"H DQF of Figure 13b the spins that do not have rigid dipolar coupling
do not observed in the spectrum. The remaining protons in the spectrum correspond to
spins in the electrolyte material that are not mobile. The distribution and linewidth of the
resonances in the rigid portion of the electrolyte resemble the spectrum of the pure
electrolyte.

The structure of PTFE: (Bi-ePA)ys3 is similar to that of the pure material because
the two spectra are very close and contain the same type and distribution of resonances.
The 2D 'H-'H double quantum correlation (DQC) spectra of Figure 14 show that the
rigid phase of the polymer composite has the same dipolar contacts as the pure electrolyte
material. The dipolar coupling contacts of Table 2 confirm that the polymer composite
has the same local structure as the pure electrolyte that was presented in Chapter 5. Since
the mobile phase has the same chemical shift as the rigid spins, then the structure of the
mobile phase is simply a more dynamic domain of the electrolyte. The mobile phase of
the electrolyte in PTFE: (Bi-ePA)os3 attenuates the dipolar couplings through fast
molecular dynamics but is not strong enough to narrow the linewidth of the resonances
significantly. An increase in thermal energy should trigger the growth of the mobile

domain within the polymer composite.



Chapter 7 Ph.D. Thesis — J.W. Traer

McMaster — Department of Chemistry

211

C-D
B-D
c-C
B-C
A'-C
A'-B
A-C

15 10 5

0 DQppm

10

20

30

0 SQppm

(b)

D-D

cD

B8-D

cC
B-C
A'C
A'-B
A-C

0 DQ ppm

10

20

E—s

Lan [N B O I 1

.15 10....5....

"0 SQppm

Figure 14 — The 2D 'H-'H DQC spectra of (a) pure Bi-ePA and (b) PTFE:
(Bi-ePA)os3 collected using 1 tx of recoupling at 25 kHz MAS. The two materials
are remarkably similar and the polymer composite has all of the dipolar coupling

contacts of the pure electrolyte.

Table 2 — The hydrogen bonding dipolar contacts from the 'H-'H DQC for the pure
electrolyte and PTFE: (Bi-ePA), s3.

Dipolar Pure Electrolyte Polymgr
Coupling (ppm) Composite
(ppm)

SQ/SQ DQ SQ/SQ DQ
AC 18.1/9.6 | 27.7 18/9.6 27.6
AC 16.0/7.5 | 235 16.0/8.0 | 24.0
A’B 16.0/11.3 | 273 [16.0/11.1| 27.1
BC 11.1/7.9 19.0 | 11.3/7.5 18.8
BD 11.0/0.3 11.4 11.3/04 | 11.7
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7.3.3 = Polymer Dynamics

The microscopic structure has a large impact on the mobility of the protons, as
observed in the 'H NMR spectra, whereas impedance spectroscopy characterizes the
macroscopic transport of ions and also depends on the morphology of the electrolyte in

the polymer. The ionic conductivity of the PVDF: Bi-ePA and PTFE: Bi-ePA are shown

in Figure 15.
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Figure 15 — A plot of the ionic conductivity of PVDEF: (Bi-ePA)g 37 () and PTFE:

(Bi-ePA)g s3 (o) from impedance spectroscopy. The ionic conductivity of the two
polymers scales differently with temperature, indicating a difference in activation

energy between the two composite materials. Both linear regression have R values
of 0.99.

The ionic conductivity of PTFE: (Bi-ePA)y s3 reaches a maximum conductivity value of
9.5x10™* S/cm at 115°C under dry conditions. The conductivity of the PTFE polymer is
two orders of magnitude larger than the PVDF polymer at the highest temperatures. The
activation energy for the PVDF polymer is 55 + 4 kJ/mol, while for the PTFE polymer

the activation energy is 160 + 10 kJ/mol. The ionic conductivity of the PTFE sample is
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greater, and thus requires high temperatures to reach the maximum potential for the
polymer membrane. The ionic conductivity plateaus near 105°C, this is below the
melting point of the electrolyte in the polymer composite at 120°C. This shows that the
material is not undergoing a phase transition and the mobility is related to the solid-state
dynamics.

The NMR spectra of the two polymer composites in Figure 13a (PTFE) and
Figure 7a (PVDF) have a similar spectrum for the electrolyte material. Thus, the local
structure of the electrolyte material is similar. The major factor influencing the ionic
conductivity between the two polymer composites is the morphology of the polymer host
and the material’s response to an increase in temperature. In Figure 11, the two SEM
images of the polymer composites are radically different, leading to the significant
difference in ionic conductivity at high temperatures. The higher concentration of the
electrolyte in the PTFE composite (53% for PTFE versus 37% for PVDF) leads to the
larger number of charge carriers, creating a large ionic conductivity for the PTFE
composite. The stock solutions used to cast the electrolyte into the polymer had the same
concentration of electrolyte material, yet the uptake of the electrolyte is different. This
shows that the PTFE is better at absorbing the electrolyte material and further comparison
of electrolyte materials will use the PTFE polymer in order to obtain the highest ionic

conductivity.
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7.3.4 — Proton Dynamics

The ability of the electrolyte to transport ions is fundamental for obtaining a high
ionic conductivity and depends on the local structure of the electrolyte. In Chapter 5, the
ion conduction mechanism of Bi-ePA was discussed. The motion of the phosphonate in
the pure electrolyte material occurs prior to the narrowing of the aromatic resonances.
The 'H variable temperature study showed that the hydrogen bonding resonances
experienced line narrowing prior to the aromatic protons of the benzimidazole ring. The

'H NMR study of PTFE: (Bi-ePA)q 53 in Figure 16a shows similar trend.

|
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Figure 16 — (a) The 'H variable temperature spectra of PTFE: (Bi-ePA)gs3 , (b) the
'"H-"H DQF spectrum, (c) chart of the chemical shift trends of the new hydrogen
bonding resonance. The new resonance that appears near 12.7 ppm does not have any
strong dipolar coupling and there is not seen in the 'H-'"H DQF spectrum.
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The new resonance of Figure 16a at 341 K experiences a chemical shift change with
temperature towards higher ppm and increases in intensity. Increasing the chemical shift
of the indicates that these protons are exchanging with the protons at higher chemical
shift. The first appearance of the mobile hydrogen bond is at 335 K with a chemical shift
of 12.7 ppm. The average of the A’ and B resonances is 13.6 ppm, this shows that the
resonance is not fully exchanging between the two sites. As the temperature increases,
the new resonance shifts to a higher chemical shift values, indicating that the amount of
exchange between the N-H--O hydrogen bonds is increasing. The chemical shift of the
new resonance does not reach the average value for all three resonances in the
temperature range of this study. The highest chemical shift observed in the temperature
limit of the spectrometer was 13.4 ppm, the trend is shown in Figure 16¢. This indicates
that full exchange between the three sites has yet to be achieved within this temperature
range. Thus, the dominant motion creating the exchange of the A’ and B hydrogen bonds
remains the rotation of the phosphonate.

The increase in intensity of the mobile phase parallels a decrease in the intensity
of rigid phase. The remaining resonances that seem unaffected by temperature retain
some residual dipolar couplings and are shown in the 'H-"H DQF spectrum (Figure 16b).
The narrow resonances of the variable temperature plot do not are appear in Figure 16b
because those resonances experience strongly attenuated dipolar couplings from the
molecular motion. By 357 K, the mobile portion of the electrolyte includes 45% of the

spins in the sample, indicating that the material is extremely dynamic at high
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temperatures, although this is well below the melting point of the pure electrolyte. The
onset of the plateau in the ionic conductivity matches the significant change in dynamics
observed in the "H NMR spectra. This implies that the ionic conductivity is driven by the
local dynamics observed via solid-state NMR.

The 'H variable temperature MAS and the 'H-'H DQF have shown that both a
rigid and mobile phase exists in the polymer composite at high temperatures. In Figure
17, a model of the PTFE: (Bi-ePA)o.s3 composite is proposed. At low temperatures in the
model, the electrolyte surrounds the polymer material. However, at higher temperatures
the electrolyte divides into two general domains, a rigid domain and a mobile domain.
The mobile domain (shown in red) is responsible for the narrow resonances in the 'H
MAS spectra. The rigid domain, (shown in black) corresponds to the protons of the 'H
MAS spectra that do not experience line narrowing. This model approximates the range

of dynamics of the electrolyte, observed by NMR.
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Figure 17 — A schematic representing the low and high temperature regimes in PTFE:
(Bi-ePA)s3. The orange lines represent the polymer, grey hatched circles for the
rigid electrolyte, and the red gradient represents the mobile domains of the
electrolyte.
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Figure 18 — A plot of the natural logarithm of T,* versus 1000 K / T shows the change
of the linewidth with temperature for PTFE: (Bi-ePA)js3. The data exhibits non-linear
behavior consistent with the influence of available free volume on polymer back bone
dynamics.36
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Figure 19 — The fit of the 355 K 'H MAS spectrum of PTFE: (Bi-ePA)ys3. The red
lines are for mobile resonances, blue for immobile, and black is the total fit and the
experiment. Traces of the methanol solvent occurs at 1.95 ppm.

Line fitting of all the resonances shows that the material exhibits non-Arrhenius behavior
with temperature as seen in Figure 18, while Figure 19 shows the quality of the line
fitting. The result of the line fitting are summarized in Table 3. In amorphous polymer
systems above the glass transition temperature, the motion of the polymer cannot be
described by an Arrhenius process. Rather the system deviates from linearity and follows
more closely the exponential model of Williams-Landel-Ferry (WLF).*  The model
suggests that the free volume of the polymer influences the apparent viscosity, and rates
of molecular rearrangement of a material. The non-linear behavior of the line narrowing
shows that the nature of the polymer backbone is influencing the dynamics of the
electrolyte. The mobile alkyl and aromatic spins create resonances that narrow with
temperature and do not experience a change in chemical shift. For the hydrogen bonded

protons, the mobile protons coalesce into the new resonances at 12.7 ppm. From the
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"H MAS variable temperature experiments it is clear that the dynamics of the material
begin by exchanging the A’ and B protons. To further investigate the dynamics we turn
to multinuclear techniques.

Table 3 — A summary of the line fitting for the "H spectrum of PTFE: (Bi-ePA)o ;3 at

355 K. Fitting of the lineshapes used the Peakfit program with a Voigt profile to

determine the area and the linewidth, the fitting used an iterative least squares routine to
fine the best fit.

Assignment | Shift (ppm) | 852 Full Wii‘i’ol_{;(l)f&ax (Hz) Type
D 0.57 58 230 Mobile
D 121 48 30 Mobile
Solvent 1.95 0.6 170 Mobile
C 6.46 1.4 160 Mobile
o 7.00 1.7 180 Mobile
A’B 13.02 44 480 Mobile
D 0.57 226 1280 Rigid

C 6.79 31.9 1110 Rigid

o 8.44 5.0 540 Rigid

C 9.44 52 720 Rigid

B 11.24 57 880 Rigid

A’ 15.79 4.0 640 Rigid

A 18.02 6.9 820 Rigid
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7.3.5 — Phosphonate Dynamics

The CODEX pulse sequence is able to determine the rotation rate and geometry
of a motion via a change in the chemical shift anisotropy. The technical description of
CODEX and the application of the sequence to the materials in this chapter is given in

Chapter 2. The exchange curve for PTFE: (Bi-ePA)s3 is given in Figure 20.
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Figure 20 — The *'P CODEX NMR pure exchange curve for PTFE: (Bi-ePA)ys3. The

exchange curve best fit a stretched exponential with a very broad distribution of
environments for the correlation time of the phosphonate.

The pure exchange curve represent the motion of the phosphonates in the electrolyte. The
variable temperature '"H NMR spectra of PTFE: Bi-ePA showed that the T,* does not
follow typical Arrhenius behavior. From this it can be inferred that the dynamics of the
material are complex and distributed. Due to the distribution of possible correlation
times resulting from the polymer environment, a stretched exponential fit was necessary

to accurately describe the exchange curve. In Table 4, the results of the *'P CODEX
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NMR on the PTFE: (Bi-ePA)ys3 polymer composite show the trend of the material with

temperature and the distribution of the correlation times.

E.(t,,0Nt,)= A(l—exp(~t, /7,)") (7-1)
Table 4 — A summary of the best fits for the >'P CODEX NMR exchange curves.
Temperature / K Al% Tl s B
293 66 + 2 0.210 +0.08 0.27 £0.04
305 63+2 0.140 +0.03 0.51 £0.06

The prefactor (A) of the exponential fits depict the geometry of the rotation. For the
alkyl phosphonates, a three-fold rotation occurs around the P-C bond. This result echoes
the result from the pure electrolyte, which also showed the three-fold motion. Only in the

phosphate electrolyte of Chapter 5 did a four-fold motion occur. The correlation times
(Tc) and the exponential parameter (B) show rate of the reorientation and the distribution

of correlation times, respectively. The correlation time decreases with temperature as
expected for any thermally driven rotation. However, the standard deviation in the
correlation time at room temperature is significant and decreases with temperature. The
large deviation is a result of the very broad distribution of correlation times in the
polymer composite. The exponential parameter for Bi-ePA in the pure electrolyte is one,
while for the polymer composite the value is 0.27 + 0.04. This shows that there is a large
range of correlation times for the phosphonate due to different local environments of the
polymer architecture. The broad distribution of correlation times increases the standard

deviation of the mean correlation time. As the temperature increases, the exponential
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parameter increases, indicating that the distribution of correlation times is narrowing, and
the dynamics are becoming more uniform within the composite. The increase in the
exponential parameter reduces the deviation from the mean for the correlation times for
this data set. The increased temperature also increases the motion of the phosphonate

resulting in a lower average correlation time, as expected.

7.4 — Summary

There are several important factors that influence the ionic conductivity of the
polymer composite. At low concentrations of electrolyte material in the composite there
are insufficient charge carriers, and a lack of connectivity among domains. This results
in a low ionic conductivity. This was shown by changing the concentration of the
electrolyte material in the polymer. The choice of polymer material determines the
uptake and binding of the electrolyte into the pores of the polymer. It was determined
that PTFE was a superior polymer due to the strong uptake of electrolyte material over
PVDF. The concentration of electrolyte adsorbed into the two polymer composites was
enhanced by nearly 20% in PTFE than in PVDF. The higher concentration of electrolyte
increased the ionic conductivity by two orders of magnitude in the PTFE composite over
the PVDF composite. The last major factor studied here is the overall transport
properties of the electrolyte. It was found that Bi-ePA in PTFE showed non-Arrhenius
behavior that was consistent with backbone motion of the polymer influencing the

transport of ions in the electrolyte. This created mobile and rigid domains that varied in
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the amount of dynamics observed at higher temperatures. The difference was that the
polymer backbone causes a distribution in the rates of motion, this was observed in the
’'P CODEX NMR. The distribution of the dynamics decreases with temperature as
more sites become involved in the chemical exchange. The high concentration of
electrolyte and mobility of the ions at higher temperatures ensures that these materials are
viable anhydrous electrolytes for fuel cells. Further testing in a fuel cell environment

would determine the overall success of the polymer composite.
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Chapter 8: Summary and Outlook

8.0 - Summary

Solid-state nuclear magnetic resonance (NMR) is a valuable tool for
understanding the local environment and dynamics of the hydrogen nucleus. The
application of advanced NMR techniques such as 'H dipolar recoupling, variable
temperature, multinuclear spectra, and exchange techniques allowed for the in depth
investigation of the molecular dynamics of several electrolyte materials. The impetus of
this research was understanding the processes involved in the local dynamics that lead to
ionic conductivity in anhydrous proton electrolytes for fuel cells. The materials
investigated ranged from solid acid electrolyte, model compounds, and novel anhydrous
electrolytes.

Anhydrous electrolytes are protic materials that are able to transport hydrogen
ions with a minimal amount of hydration and operate at higher temperatures to reduce
carbon monoxide poisoning of the catalyst material. Anhydrous electrolytes offer a
significant improvement over hydrated electrolytes because they do not require
humidification of the fuel. The first electrolyte investigated was the solid acid
compound, cesium dihydrogen phosphate (CDP). The mechanism of ion transport in the
solid-state was suggested to occur through the phosphate rotation. *'P CODEX NMR

shows that the phosphate undergoes a four-fold reorientation near the 100ms timescale at
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room temperature. Molecular dynamics studies suggest that the phosphate rotation is the
limiting process in the conduction of ion in CDP. The activation energy of the phosphate
rotation by 3'p CODEX NMR was 74 + 1 kJ/mol. This is lower than the 95 kJ/mol
activation energy for long range transport, from impedance spectroscopy. This confirms
that the rate limiting step for the transport of ions in CDP is the rotation of the phosphate.
The dehydration temperature of CDP depends on the grain size and level of humidity,
meaning that this solid acid has a very limited operating temperature window.
Modification of the phosphate to alkyl phosphonate was able to provide ion conduction at
lower temperatures and avoid the thermal decomposition. The 3'p CODEX NMR for this
compound showed that the phosphonate rotation has a correlation time of 34 + 5 ms and
had a activation energy that was 11 = 3 kJ/mol. With a smaller barrier for rotation, the
phosphonate would be able to transport ions at temperatures below 200°C.

Acidified polymers are successful alternatives to hydrated electrolytes. However,
they suffer from poor ionic conductivity in the absence of the acid medium. To study
these materials several models were used to depict the types of ion transport available to
the polymer. The model compounds used the benzimidazole ring and phosphate based
anions. The 'H solid-state NMR experiments showed that the dynamics of the materials
began at the hydrogen bonds involving the anions. It was found through *'P CODEX
NMR that the type of phosphate controlled the geometry of the motion. For a phosphate,
it is possible for the four oxygen atoms to exchange, while the alkyl phosphonates were

limited to three-fold rotation. The timescale for the reorientations from *'P CODEX
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NMR showed that the addition of the methyl group did not hinder the ability of the
phosphonate to rotate and the phosphonate retained a similar correlation time for the
motion. The rotation rate of the phosphate was 56 + 3 ms, for the methylphosphonate it
was 75+ 6 ms. The absence of the ring dynamics in the 'H NMR and no observable
motion in the *C CODEX NMR showed that the benzimidazole rings were not
contributing to ion transport. This explains, the poor ionic conductivity of the polymer
membrane without any liquid acid. The activation energy of methylphosphonate was
7 =1 kJ/mol and 3.2 + 0.3 kJ/mol for ethylphosphonate. The barrier of rotation for the
phosphate in CDP was found to be 74 + 1 kJ/mol. The difference between the two types
of activation energies is due to the type of motion involved. The four-fold motion creates
a high barrier for rotation, while the three fold motion of the phosphonates has a small
barrier. This shows the geometry dependence of the rotation in the solid-state.

Our selection of anhydrous electrolytes moved away from large bulky ring
systems towards smaller rings. The smaller ring system like imidazole or triazole may
provide a mobile cation and thereby an additional pathway for ion conduction, improving
the total ionic conductivity. The ionic conductivity of the model compound using
imidazole as the cation was two orders of magnitude larger than its benzimidazole
counterpart. The correlation time for phosphonate dynamics from *'P CODEX NMR is
58 + 4 ms. The rotation of the imidazole ring was detected through 3C CODEX NMR,
with a correlation time of 31 + 9 ms. 'H NMR variable temperature experiments

confirmed that resonances belonging to the imidazole narrowed at high temperatures.
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The activation of the ring at high temperatures created a second mechanism of ion
transport that improved the ionic conductivity.

The mobility of the ions in the model compounds made them viable electrolytes.
The creation of a new anhydrous electrolyte material was accomplished by combining an
inert polymer host with the model compounds as the electrolyte material. Impedance
spectroscopy showed that these new electrolytes could transport ions without the aid of a
liquid electrolyte. The maximum ionic conductivity was obtained using the highest ratio
of electrolyte to polymer material. From the 'H solid-state NMR experiments, it was
proposed that the higher concentrations of the electrolyte created a continuous electrolyte
domain. The polymer composites with large electrolyte domains had fewer bottlenecks
and more charge carriers to transport ions. These factors contributed to the high ionic
conductivity of the material. The 'H variable temperature spectra and the *'P CODEX
NMR found that polymer composite was comprised of both rigid and mobile
components. Even at high temperatures a significant portion of the rigid phase remained.
The ionic conductivity of the ethylphosphonate polymer composite reached 1x10” S/cm
at 115°C. This ionic conductivity shows that the polymer composites are a competitive

class of electrolytes for anhydrous fuel cells.

8.1 — Outlook
The strong ion dynamics observed in the solid-state NMR spectra and impedance

spectroscopy prove that the polymer composites are suitable candidates for hydrogen fuel
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cells. The solid-state NMR experiments are able to investigate the structure and
dynamics of a material on the molecular level. Proton experiments such as the 'H-'H
double quantum correlation spectra are used to assign the resonances of the spectrum and
determine the local packing of the structure. From the assignment of the resonances, the
variable temperature spectra record the behavior and trends in the material with
temperature. Advanced multinuclear experiments like CODEX are able to determine the
geometry and rate of a specific motion. This type of characterization enables us to
determine the specific contribution of each group to transport of ions in the solid-state.
The activation energies from solid-state NMR are a measure of the local dynamics, while
impedance spectroscopy provides the characterization of the long range dynamics. With
these two techniques, it is possible to determine the mechanism of ion transport.

The polymer composites were shown to transport ions in the solid-state without a
liquid electrolyte. These materials are viable in a temperature region where current
aqueous electrolytes are not able to operate. Due to the modular nature of the host
material, the choice of electrolyte broadens to include any anhydrous electrolyte.
Improvement of the electrolyte material through fluorinated ions would improve the
chemical resistance of the electrolyte and reduce the probability of degradation.
Enhancing the ionic conductivity of the electrolyte is also a priority. New materials with
higher ionic conductivities will provide higher open circuit voltages in a fuel cell

environment.
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The standard fuel cell test center is equipped for testing aqueous based
electrolytes in a temperature range below the boiling point of water. These test stations
use humidified gases to control the water content of the electrolyte. However, most
stations do not have an option to eliminate humidification of the hydrogen and oxygen
fuel, nor reach temperatures of 140°C. To fully test the potential of the anhydrous
electrolyte a dry fuel source is required with no humidification and the operation
temperature must be able to exceed 80°C. These are the major requirements for testing
an anhydrous polymer composite. When the test station able to meet these requirements
is installed, then it would provide a means to test the polymer composite material in a
functioning fuel cell environment as was intended for anhydrous electrolytes. With an
anhydrous test center and solid-state NMR it would be possible to study the performance
of the material and correlate the results with the local dynamics of the electrolyte.

The goal of this research would be to improve upon the current polymer
composites and quantify the mechanism of ion transport in the solid-state. Further study
of the current polymer composites with a variable temperature study would provide much
information on the timescale and behavior of the distribution of correlation times. The
new electrolytes could improve upon the operating range of the electrolyte, different
mechanisms of ion transport employed, and study the dependence of the mechanism on
concentration of the electrolyte or versus individual ions. All these changes are
observable via solid-state NMR and through the general performance of the electrolyte as

a fuel cell.
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The continued research of these proton conductors will provide insight on the
molecular level dynamics and structure of anhydrous electrolytes. The outlined study of
new electrolytes and optimization of current electrolytes will provide the material

chemist with the knowledge to create better electrolytes for use in hydrogen fuel cells.





