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ABSTRACT: Proton mobilities in Nafion and sulfonated poly(ether ether ketone) (S-PEEK) have been studied
using high-resolution solid-statél NMR under fast magic angle spinning (MAS). These studies demonstrated
proton exchange between sulfonic acid groups and water within both Nafion and S-PEEK. Variable temperature
experiments were used to determine the activation energy for proton transport in pure Nafion, found to be 11.0
kJ/mol, which is lower than those determined for S-PEEKs with different degrees of sulfonation. Increasing
proton exchange rates with increasing temperature indicate the expected dependence of proton mobility on
temperature. A rotor-synchronized homonuclear double quantum filter sequence (BaBa) was used to disclose the
nature of the H-bonding interactions in the two polymers, from which a model of the proton interactions in the
polymers is developed.

Introduction Nafion™

. Proton exchange membrane fuel cells (PEMFCs) are promis- \}CF/CFz‘l\LCFZ/Cle;,

ing new power sources for both portable and stationary | m

applications, ranging from portable electronics and vehicles O\FCFZ/?F:}X\O/CFZ\CFZ/SO:;H
to industries and residenckMembranes currently used in CF,

PEMFCs are sulfonated perfluorinated polymers such as Nafion PEEK S.PEEK

(shownin Figur?l\;L) designed by Dupont or Nafion-like polymers o o

supplied by Dow’ These membranes have good proton con- I Sulfonation [

ductivity and long-term stability. However, the high cost of {0‘@'0'@‘3‘@}; H.50, (95%) ’J["‘Q'O'Q‘C‘O}n

perfluorinated polymers limits the large-scale commercialization SOH

of PEMFCs. Another drawback for these membranes is metha-Figure 1. Schematic chemical structures of Nafion and S-PEEK.

nol crossover which occurs when they are used in direct

methanol fuel cells (DMFCJ.This leads to a decreased fuel ~Provide standard proton conductivity data. Such studies probe

cell performance due to depolarization of the oxygen reducing Proton mobility indirectly, through a measurement of a bulk

cathode* The problem caused by methanol crossover can be Property of the material. Small-angle X-ray scattering (SAXS)

relieved to some extent by doping with various inorganic and small-angle neutron scattering (SANS)ave been used

fillers.56 Dopants such as silica and zirconium phosphate that t0 obtain details on the structures of membranes; however,

have Surface hydroxyl groups are preferred Since these groupéjynamic information abOUt proton m0b|||ty iS not aVailabIe from

are assumed to retain water even at temperatures higher thathese methods.

100°C. Data on the interactions between Nafion acid protons ~ Solid-state NMR can provide useful information concerning

and protons of hydroxyl group of dopants is elusive and yet Proton mobility of conducting polymers on the molecular

important to understanding the performance Of these Composites_levep's‘lebecause |t iS able to probe |Ocal Chemical environments.

Such data can be provided by solid-state NMR studies. Such information is helpful to give a fundamental understanding
Sulfonated aromatic polyether ether ketones (shown in Figure Of the observed differences in proton conductivity. Chemical

1) have been studied as an alternative to Nafion due to the goodsurroundings are determined from the proton chemical shift,

mechanical properties, thermal stability, and conductivity and relative proton mobilities can be compared using the solid-

exhibited by this polymet7 8 These properties have been shown State'H NMR line widths as a function of temperature.

to depend on the degree of sulfonation of the polymer. Although ~ For a powder sample, théH NMR spectrum exhibits

a high degree of sulfonation degrades the mechanical propertiedioticeably broadened peaks due to the random orientation of

of humidified S-PEEK, it does give improved proton conductiv- Mmolecules and very strorigl—*H homonuclear dipolar coupling

ity under high relative humidity conditions. This is a typical N @ rigid polymer. Fast magic angle spinning (MAS) is used

juxtaposition of polymer electrolyte membranes: good conduc- t0 average the dipolar couplings on the time scale of the rotor

tivity is achieved at the expense of structural integrity. Such Period and thereby achieve significant line narrowing. Since

problems motivate the efforts to understand the molecular-level the strength of dipolar interactions can be used to determine

processes at work in the proton transport mechanism and therebyhe relative mobility of protons, methods which can selectively

contribute to the deve|opment of new materials. retrieve information about the dipolar interaction removed by
Many studies on these proton-conducting materials have beenMAS are desirable. Double quantum filtering (DQF) pulse
carried out by impedance spectroscopy measurerfiedtshich sequences, such as back-to-back (BaB&),allows us to
recouple the dipolar couplings between protons which are rigid
* Corresponding author: e-mail goward@mcmasterRia (905)-525- on the time scale of the pulse sequence and which are close
9140 x24176, Fax (905)-522-2509. to each other in space. For two given nuclei in a compound,
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the dipolar coupling is very sensitive to the distance between until a constant pH was obtained. Method II: Nafion 112 was first

nuclei as shown in eq 1 washed in 3% kKO, for 1 h and then washed in distilled deionized
water for another hour, again changing the water four times.
(ug/Am)hyy. _Subsequently, _it Wgs_again \_Nashedli M HZSOA_ for 1 h. Finally,
Dij = —3‘ (@) it was washed |n_d|st|Iqu deionized water until a constant p_H was
i obtained. The dried Nafion samples were prepared by drying the
treated Nafion membranes at 353 K from 2 days to 1 week.
—nN. _ L— 1l SiO,—Nafion composite membranes were prepared according
HDu Dj @ coso D 7l I'IJ)/Z 2) to the procedure reported by DeffgNafion treated by method |
was first swollen in MeOH:KD (v/v) = 5:1 for 24 h. It was then
where Dj is the dipolar coupling constang; and y; are the immersed in TEOS:kO (mol/mol) = 1:1 for 9 min to allow
magnetogyric ratio of the two spins, amgl is the distance permeation of TEOS into Nafion. After that, it was dried at 353 K
between them. In the dipolar Hamiltoni&m)ij givenineq 20 overnight to remove the excess alcohols. The polymerization of

is the angle of the dipolar coupling interaction to the magnetic TEOS to silica is an acid-catalyzed process. Since the sulfonic acid
field, indicating the sensitivity of the dipolar coupling to ~ 9roups within Nafion are the only source of acid, it is assumed
motional averagind® Thus, the observation of a weak dipolar that the silica is formed within the Nafion membrane. Zi¥afion

. : . . composite membranes were prepared following the procedure
coupling will be due to either fast tumbling of molecules (termed repo?ted by CostamagﬁaNafior? trgated by methcg)d r wgs first

the residual dipolar coypllng) or a long distance between nuc]el. swollen in boiling MeOH:HO (v/v) = 1:1 for 2-3 h. Subsequently,
The BaBa sequence is used here to detect proton interactionghe material was washed i M zirconyl chloride solution at 353
and gauge their relative mobilities. The intensity of the double K for 1 h. To remove excess zirconium chloride, it was quickly
qguantum coherence (DQC) depends on the product of couplingrinsed in distilled deionized water and then putli M HsPO, at
strength and the excitation time, meaning DQCs based on strong353 K overnight. Finally, it was washed in distilled deionized water
dipolar coupling will be efficiently excited in a short recoupling and dried at 353 K overnight.
time. Mobile protons which generate weak or no dipolar  'H NMR. 'H solution NMR experiments were carried out on a
coupling will be absent from the DQF MAS NMR spectrum Bruker AV 200 spectrometer at_lal Larmor frequency of 200.13
due to inefficient excitation of the DQC. Hence we can ascertain MHz. The 3% S-PEEK solution was prepared by dissolving
the relative mobilities of protons by comparitig NMR with polyrc;]erd beadsdln DMS@k. TI\./Idegsh add‘?d T‘S thﬁ |fnternal
IH DQF NMR. By extending the length of the recoupling standard. NMR data were acquired with & g@ise length of 6.35
< : us at room temperature.

(gxcnatlon) tlme, the _DQF sequence can be _used to detect weak 114 ¢qjig-state NMR experiments were performed on a Bruker
dipolar couplings which are partially dynamically averaged by Ay 500 spectrometer at & Larmor frequency of 500.13 MHz.
local mobility or where the dipolar coupling occurs over along Rotor diameters of 4 and 2.5 mm rotor were used for Nafion
distance’ samples and S-PEEK samples, respectively. The former rotor was

In this paper we studied proton mobility in Nafion, Nafion spun at5 or 10 kHz and the latter at 25 kHz. In both cases a recycle
composites, and S-PEEK with different degrees of sulfonation. delay d 3 s was used. The spectra are referenced to adamantane
Several samples exposed to different relative humidities (RH) (1.63 ppm for'H). Solid-stateH NMR spectra were acquired with
were used to understand proton interactions between water and® 90 Pulse length of 2.s. Variable temperature experiments were
sulfonic acid groups. Homonuclear DQF experiments are Performed in the range of 38860 K, with the sample temperature

- L . . . corrected to include heating effect arising from the high-speed

performed to distinguish strong dipolar couplings from weak

. . . . MAS.22 The 1H line width as a function of temperature reflects
couplings. The differences in proton mobility are compared and changes of spinspin relaxation timeT,) with temperature, which

discussed. is used to fit the activation energy for proton transport in this work.
. ) Because of inhomogeneity of the applied magnetic figjdthe
Experimental Section effectiveT, is denoted a3,* in terms of the observed line wid#s.

Preparation of S-PEEK. S-PEEK with different degrees of  Since the chemical shift of sulfonic acid proton, which is humidity
sulfonation were made as follows: 20 g of commercial PEEK sensitive, does not show any noticeable shift within 2 days once
(Victrec Co.) was dissolved in 300 mL of 98%,%00, at room samples were put in the rotor, this suggests that the humidity of
temperature. In intervals of tens of hours, samples were takenSamples in the rotor does not change during that time. Thus, the
periodically from the previous mixture and added to ice water under humidification of the samples is maintained during measurement.
strong agitation. To remove any residual acid, the polymer  The rotor-synchronized DQF MAS spectra were recorded by
precipitate was washed until a constant pH was obtained. After using the back-to-back (BaBa) pulse sequence, with variable
that, it was dried first at room temperature for 2 days and then at excitation timeszey, from 7 to 8 and 512 scan¥!

343 K for 2 days. Finally, polymer beads of-2 mm diameter The deconvolution of S-PEEKH MAS NMR spectra was
were obtained; the color of the beads varied with the degree of performed by both Bruker Topspin 1.2 and MestRe-C software to
sulfonation. The degree of sulfonation of S-PEEK was determined determine line widths of sulfonic acid proton and aromatic proton
using solution NMR. For these studies, samples of S-PEEK were resonances. Error bars &, within 1% were determined by
dissolved in DMSQds. For solid-state NMR measurements, powder comparing the goodness of fit from the two routines. Since the
samples are preferred to facilitate rotor spinning. Powders were difference in activation energies determined for different samples,
prepared by grinding previously dried S-PEEK in liquid nitrogen. prepared at different times, is less than 4%, this is taken as the
Afterward, the powder samples were treated at 353 K in an oven error bar for each measurement.

for dried samples. The humidified samples were prepared by storing

S-PEEK in a humidity chamber (model 9000, VWR) at 323 K for Results and Discussion

24 h. The relative humidity of thg chamber was set at 50% or 100% Determining the Degree of Sulfonation.Two examples of

to control the amount of water in hydrated S-PEEK. 1H NMR spectra of S-PEEK samples dissolved in DM8O-

Preparation of Nafion Composites.Treatment of Nafion 112 pe . P .

g are shown in Figure 2. The degree of sulfonation can be

was performed in two ways. Method I: Nafion 112 was first washe ; =S e
in 1 M NaOH for 1 h, and then it was washed in distilled deionized determined quantitatively byH NMR.? The presence of the

water for another hour, during which time the water was refreshed Sulfonic acid group increases the deshielding effect for proton
four times. Subsequently, the membrane was again washed in 1 MHa in Scheme 1, causing thexHlesonance to move to a higher
HCI for 1 h. Finally, it was washed in distilled deionized water chemical shift compared with protonsstdnd H.. Therefore, aCDV
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Figure 2. Solution-state!H NMR spectra of sulfonated PEEK (S-
PEEK). Chemical shifts are assigned as annotated in Scheme 1.
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Figure 4. Solid-state'H MAS NMR at 5 kHz for Nafion 112 treated
0 " by (a) NaOH(aq), (b) fully acidified and heated at 8D for 12 h, and
- (c) fully acidified and hydrated.
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Figure 3. Degree of sulfonation of S-PEEK as a function of sulfonation
time. The curve is included as guide for the eye.

Scheme 1. Structure of S-PEEK (a)
Pt o Ml M to 4 12 1 8 6 4 2 ppm
_°’©‘° -/ Figure 5. Solid-stat¢H MAS NMR at 25 kHz for PEEK and S-PEEK
H,\  H, H  Ho Hy (DS = 57%): (a) PEEK, (b) dried S-PEEK, (c) S-PEEK (24 h in RH
SO;H = 50%), and (d) S-PEEK (24 h in RE 100%).

distinct signal for H can be observed from NMR spectra. The (aq), a narrow peak at 4.0 ppm, similar to the chemical shift of
H NMR signal for the sulfonic acid group cannot be recorded pure water, is observed (#).0On the basis of these two
directly since the sulfonic acid proton is highly mobile. assignments, it follows that the narrow resonance at 6.7 ppm
Nevertheless, the number of the li§ exactly equal to that of ~ observed for the fully acidified and hydrated Nafion membrane
the sulfonic acid protons. Thus, if the degree of sulfonation (DS) (c) likely represents fast proton exchange between water and
is defined as a ratio of sulfonated units to total units, the DS the sulfonic acid group. Similar fast proton exchange has been

can be calculated as follovés: also reported by Fyfé and Fraissaré®
Figure 5 shows a series & solid-state NMR spectra for
100 x areg, PEEK and a series of S-PEEK powders treated under differing
S= 3) relative humidity conditions. PEEK itself (a) shows a single,
[area,BvaDvaEyE T2x areaiA]/j'z broad aromatic resonance. Dried S-PEEK (b) gave a broad

resonance (393 Hz) for the acidic protons at 7.6 ppm. After it
The DS calculated from théd NMR spectra of seven S-PEEK  was treated in relative humidity (RH) equal to 50% for 24 h,
samples is plotted in Figure 3. In our experiments, when the the water content was slightly increased, which moved this
sulfonation time increases from 70 to 336 h, the DS changesresonance to 7.4 ppm (c). The line width narrowed slightly to
from 51% to 89%. Because of differences in experimental 372 Hz. When a higher RH equal to 100% was applied for an

conditions, such as the concentration of PEEK 88, and equivalent time (d), a further increase in water content shifts
the reaction temperature, Huang reported S-PEEK with higher the resonance to 5.9 ppm accompanied by line narrowing to
DS but shorter sulfonation tinté. 261 Hz. Compared with the small fluctuation of line width of

Proton Exchange between Water and Sulfonic Acid aromatic proton less than 3%, the significant decrease in the
Group. Figure 4 shows a series &l solid-state NMR spectra  line width of the sulfonic acid proton indicates increasing proton
of Nafion treated under different conditions. After Nafion was mobility resulting from rapid proton exchange with water
fully acidified and heated (b), the broad peak at 9.7 ppm molecules and thus indicates a mechanism for proton diffusion
indicates that the only protons remaining are from the sulfonic that occurs independent of polymer backbone dynamics.
acid group and they are immobile. When the sulfonic acid  Careful comparisons of th#H solution-state NMR spectra
protons were replaced with Nan Nafion treated with NaOH- andH solid-state NMR spectra allow us to deduce not O&BV
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at 413 K2! This indicates that zirconium phosphate in the
nanopores of the Nafion can reduce the rate of evaporation of
water in Nafion. Thus, after our sample was treated at a lower
temperature of 353 K, it is probable that there are still water
molecules left in the membrane which move the sulfonic acid
IH resonance to lower chemical shift relative to Nafion treated
under equivalent conditions. It has also been confirmed by the
thermogravimetric analysis (TGA) (not shown here) that the
ZrP—Nafion composite has a higher water content per sulfonic
acid group than pure Nafion.

(e) Not surprisingly, S-PEEKs with different degrees of sulfona-
(@ tion also showed temperature-dependent proton chemical shifts
© and line widths, consistent with the weakening relative strength
) of hydrogen bonding with increasing temperature. More inter-
(@) estingly, the amount of water retained in S-PEEK increases with
———— increasing degrees of sulfonation. This is seen both in the
12 10 8 6 4 2 ppm decreasing line width with increasing DS seen in Figure 8 a,b
Figure 6. Deconvolution ofH MAS NMR of dried S-PEEK (DS= and by comparing the integrated acidic proton intensities in these

73%): (a) difference between simulated and experimental, (b) sulfonic materials. Compared with the line width of the sulfonic acid
acid proton, (c) aromatic proton, (d) experimental spectrum, and (e) proton resonance (344 Hz at 310 K) of S-PEEK (B$%1%)
simulated spectrum from NMR software MestRe-C. in Figure 8a, a narrower line width of the sulfonic acid proton
. . resonance (256 Hz at 310 K) for S-PEEK (BS73%) in Figure

the degree of sulfonation but also the amount of water associatedgp, ingicates that the sulfonic acid protons in the latter are more
in the membranes. The acidic proton resonance in the solid- yopile than those in the former. The ratio of the number of
state spectra is consistently larger than what should be attributedy,aier molecules per sulfonic acid proton, denotednisO/
to the sulfonic acid proton alone at a given degree of sulfonation. SOsH, in both dried and hydrated S-PEEKs can be estimated
Therefore, the excess proton intensity is assigned to trappedsom peak areas of the sulfonic acid proton peak and aromatic
water molecules and is seen to increase as expected, as %roton peak of solid-statéd NMR of S-PEEKS, by comparison
function of humidification. Accurate spectral deconvolution is \yiih the degree of sulfonation establishedysolution-state
essential to both this analysis and the previous observationsyvR studies above. The obtainet,O/SQH values for dried
regarding the aromatic polymer backbone. Therefore, an ex- ang hydrated S-PEEKs are presented in Table 1. It is important
ample deconvolution is presented in Figure 6, showing the two 14 note that as the degree of sulfonation of the polymer increases,
resonances, their sum, and the minimal residual signal observedne amount of associated water retained in the membrane will
following subtraction of the fitted and experimental data. increase proportionally. Therefore, higher proton mobility would

Activation Energy for Proton Transport in Nafion and be expected from humidified S-PEEK with higher DS, consistent

S-PEEK. Figure 7a shows the dependence of the proton yth the trend of macroscopic proton conductivity that higher
chemical shift on temperature for a dried Nafion sample. As pg gives better proton conductivig36

the temperature increases, the effective hydrogen bond strength
of the sulfonic acid protons becomes weaker. This moves the
chemical shift toward lower frequency. As well, higher tem-

The influence of polymer backbone motion on the sulfonic
acid proton dynamics has also been considered. Since the
aromatic proton resonance always shows an invariable line width
. - ; Ror S-PEEKSs with variable DS treated under different relative
sulfonic acid group and surrounding water molecules and Causesnumidity, which is 1480+ 40 Hz, this implies that the motions
the.resonance to narrow. The.same ‘Te“d was found for theof polymer chain for measured S-PEEK samples do not change
Naf!on composites of Sig-Nafion in Figure 7b and ZrP with DS and relative humidity. Thus, in this study the contribu-
Nafion in Figure 7c. tion of polymer chain motion to proton mobility can be ignored,

b Ind.the (;tase Of.lsﬁ_Niﬂot?' therte are tstrongt hydrolgenl- compared with the motion of sulfonic acid protons. A more
onding sites avariable which may trap exira water MoleCUIes aoc  rate measurement of polymer chain motion will be per-

in the composite. These hydrogen bonds take the form-ef Si formed by examining the influence of dynamics on e
OH groups located on the surfaces of silicon oxide nanopar- chemical shielding anisotropié.

i 30,31 i i ili
ticles: It was reported that the physisorbed water in silica The line width trends of the acidic protons can be analyzed

gels, such as water molecules bound te-GH groups, starts ina the Arrheni ion. As sh . 4 the ch .

to be driven off and surface silanol groups condense at aroundﬁsmg.t e Arrhenius equation. As shown |n*eq » the change in

443 K32 Since our composite was treated at 353 K, water ine qulth IS proportlon_al to the inverse dt i the. SPIn—spin

molecules bound to surface-SDH groups will remain. The relaxatlpn time. Equation 5 shows h.OW activation energy can
be obtained from line widtf whereE, is the activation energy

single peak shown in Figure 7b is the resonance of sulfonic for proton transport and is the correlation time of the motion
acid proton exchanging with water adsorbed on silica sudace. P P '

The chemical shift of this resonance is lower than that of pure
Nafion treated under equivalent conditions. AVeum = L* 4)
In the case of ZrPNafion, the inorganic component, T,
zirconium phosphate, is a well-known proton conduéfadn .
this layered compound, the acid-PH groups belonging to = 1 ATr=1 e(—A)
. : . ~ T, = T,e\RT (5)
adjacent layers remain close to each other and allow proton Q
transport in the interlayer region even under anhydrous condi-
tions. It has been demonstrated that ZNPafion membranes  Figure 9 shows an example of an Arrhenius plot for dried
can reabsorb water at 403 K from the vapor phase that was lostS-PEEK (DS= 73%). Activation energies for Nafion and iEDV



Macromolecules, Vol. 39, No. 9, 2006 Nafion and Sulfonated Poly(ether ether ketone}287

(¢)
350K 350K 350K
310K 310K 310K

10.5 100 95 9, 55 ppm 90 85 80 75 70 PPm 80 75 10 65 6v0 ppm
Figure 7. Solid-state'H MAS NMR at 5 kHz for (a) dried Nafion, (b) dried S Nafion, and (c) dried ZrPNafion.
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Figure 8. Solid-state'H MAS NMR at 25 kHz for (a) humidified S-PEEK (DS 61%), (b) humidified S-PEEK (DS 73%), and (c) dried
S-PEEK (DS= 73%).

Table 1. Activation Energy of Proton Transport for S-PEEK with F
Variable DS -2.82
S-PEEKs with variable DS DS 61% DS=73% DS=82% 288 I
dried samples e |
Ea (kJ/mol) 20.1+£0.8 20.8+£0.8 27.3+1.1 204
nH,O/SQH 17401 1.6+0.1 1.9+ 0.1 — T
samples hydrated at RH 1 I
20% and 50°C for 24 h —~, 300F
Ea (kJ/mol) 18.3£0.7 13.9+06 12.8£05 = i
nH,O/SGH 26+0.1 2.6+0.1 2.8+0.1 g‘l -3.06
. . . - E =20.8 kJ/mol
composites are presented in Table 2. Those for S-PEEKSs with 312 A
variable DS treated under different relative humidity are shown
in Table 1. 348} L e
In Table 2 the activation energy for hydrated pure Nafion 282 288 294 300 306 312 3.18
obtained by NMR (11.0 kJ/mol) correlates very well with the 1000/ T (K")

macroscopic conductivity measurements (9.34 kJ/fdlhe Figure 9. Activation energy for proton mobility in dried S-PEEK (DS
dried pure Nafion shows an activation energy higher than —73u) by linear fitting to the Arrhenius equation.

hydrated Nafion due to the significantly lower water content of

the dried Nafion membrane. This is consistent with the presumed  Table 2. Activation Energy of Proton Transport for Nafion and

vehicle mechanism of proton transport in Nafion and its Nafion Composites

composites. As the number of water molecules or “vehicles” is Nafion and Nafion Nafion  SiO—Nafion ZrP—Nafion

reduced, the activation energy for proton transport increasesomposites (hydratedin HO)  (dried) (dried) (dried)

steeply. Analogously, the connectivity of the hydrogen-bonding Ea (kJ/mol) 11.0+ 0.4 16.4£0.7 122+05 10.3+04

network is reduced in the dried sample: as the domains become

isolated, the probability of structural proton transport is also enhance mobility of the sulfonic acid protons. It is important

reduced. to emphasize again that these activation energies arise from
Compared with dried pure Nafion, both dried SiNafion NMR measurements of proton dynamics and, as such, are

and dried ZrP-Nafion give lower activation energies for proton extremely local, molecular probes of proton mobility. This is

hopping. This is attributed to the greater number of water in contrast with impedance measurements, which give macro-

molecules retained in the Nafion composites, which help to scopic pictures but lack molecular-level detail. Both composgﬁ)%/
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show significantly reduced activation energies for proton b
hopping relative to pure, dried Nafion. This indicates that at (a) (b)
the molecular level, the inorganic fillers are playing their

. . . MAS MAS
intended roles; providing excess mobile protons to the hydrogen

bonding network. Moreover, the enhancement is more substan- Jk T —_—— N
tial for ZrP— Nafion than for SiQ—Nafion, suggesting that ZrP, 21

a known proton conductor, contributes to proton mobility of /\ 21

ZrP—Nafion. This synergistic contribution of the inorganic 4t

—_— N
“filler” was part of the motivation for choosing this compostte. 4T
In comparing S-PEEKS with different degrees of sulfonation, 61 SRSV A W

higher activation energies were determined for dried S-PEEK

with higher DS in Table 2. As expected, the hydrated samples N 8t

Sulfonation. To our knowledge, abiation energics for pure. " T i s 15w
' - o . Figure 10. *H DQF MAS NMR of dried Nafion spun at 10 kHz,=

S-PEEKSs are not reported in the literature. For comparison, the o 7", 3) dried at 353 K for 1 week and (b) dried at 353 K for 2

activation energy determined by impedance measurements forgays,

fully hydrated composites of S-PEEK (DS 70%) is roughly

15 kJ/mol¢ which is comparable to our results. (a) (b)

To compare activation energies of S-PEEKSs, the residual
water in these samples has to be considered. As seen in Nafionl,V[AS AS
the observed chemical shift of the sulfonic acid proton is
influenced by the exchange with residual water molecules. In T T

dried S-PEEK, the low value ofiH,O/SQ;H decreases the

=

mobility of sulfonic acid proton due to the stronger hydrogen 2t 2t
bonding. Therefore, within the same domain size of polymer, 4t 41
the greater number of sulfonic acid groups in polymers with 6t pu
higher DS will limit proton mobility and increase the activation

energy for proton transport in dried samples. 81 8t

S-PEEK samples listed in Table 2 were hydrated at-RH .
. . . . 1 9 7 5 3ppm Ll 9 7 5 3ppm

50% for 24 h, causing a slight increase in the water content of Figure 11. *H DQF MAS NMR of S-PEEK spun at 25 kHz,= 0.04
these materials. In these slightly hydrated S-PEEKS, although 9! (2) dried SPEEK (DS 73%) and (b) o e S PEEK (DS
the value ofnH,O/SQH does not increase much, the number = 739,
of water molecules within the same domain size of polymer
wil! incre_gse drastically as the degree of sulfonation increase_s.proton resonance in a less rigorously dried polymer is not
This facilitates the water molecules exchange among sulfonic ghserved at short recoupling times. The appearance of this peak
acid groups by providing an increasingly continuous network at recoupling times of# and longer indicates that the residual
for proton conductivity and allowing Grotthus mechanism  ginolar coupling among these protons is nevertheless strong
diffusion. enough to be detected in the membrane. This is indicative of

A comparison of dried Nafion with dried S-PEEKSs indicates increasing proton mobility in the membrane. Titid,O/SQ;H
an obvious difference of proton mobility when their water in this sample is estimated to be 2400.1 based on our TGA
content is low. This is consistent with results reported by Alberti studies and is consistent with values in the literafdréds
where it is stated that Nafion is the best proton conductor at expected, humidified Nafion did not exhibit peaks attributable
low relative humidity and differences of proton conductivity to dipolar coupled protons in DQF MAS NMR spectrum even
become smaller and vanish when the relative humidity is close when the recoupling time was extended up te. 8The
to 100%343% particularly weak dipolar coupling suggests very mobile protons

Detection of Immobile Protons in Nafion and S-PEEK. which are attributed to rapid proton exchange between sulfonic
DQF MAS NMR spectra differ from normal MAS NMR spectra  acid protons and mobile water molecules. These three stages
in that resonances are only observed for protons having strongrepresent a three points along a continuum of increasing
dipolar couplings. Thus, peaks which disappear from the DQF humidification (illustrated in Figure 12), corresponding with
MAS NMR spectrum can be correlated with protons with very increasing proton transport within the hydrogen-bonding net-
weak dipolar coupling. Weak or residual dipolar couplings may work. The connectivity between domains allows for structural,
still be detected by extending the recoupling time for efficient or Grotthus, mechanism diffusion to participate together with
excitation of double quantum coherence. In Figure 10a the vehicular proton transport.
resonance corresponding to protons of sulfonic acid groups and Backbone mobility has been discounted as a significant
associated water molecules in dried Nafion shows a stronginfluence on proton transport in S-PEEK in the temperature
dipolar coupling, detected most intensely when the recoupling ranges considered here. Nevertheless, there are key differences
time is short ¢;), and decaying as the recoupling time is between the polymer backbones in the two polyelectrolytes of
extended, as expected for strongly coupled spirEhe esti- interest here. The flexible backbone and long side chains in
matednH,O/SG;H for this sample is about 1% 0.1 based on Nafion as compared to the rigid aromatic backbone and lack of
comparisons with literature valuésln Nafion, the flexible side side chains in S-PEEK play significant roles in the nature of
chains can reorient to shorten the distance between sulfonic acidhe hydrogen-bonding domains found in the two polymers. For
groups. Thus, strong dipolar couplings are detected for sulfonic Nafion, the distance between sulfonic acid protons on the same
acid proton of rigorously dried Nafion and are attributed to polymer backbone or spatially adjacent ones is short, on account
strongly H-bonded acidH,O complexes. In Figure 10b the of the flexibility of the long side chain. CDV
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Figure 12. A model illustrating the hydrogen bonding between sulfonic acid protons and water molecules in Nafion and J4RERKe lines,

red balls, and green balls represent the polymer chains, sulfonic acid protons, and water clusters in polymer, respectively. The figures on the left
represent Nafion, with a flexible polymer backbone and side chains, whereas the figures on the right represent the more rigid S-PEEK polymer,
without side chains. From top to bottom, the relative humidity of the membranes increases, as shown schematically by the increasing size of the
acidic proton/water clusters. At the highest relative humidity, these hydrogen-bonded domains overlap and provide a conduit for long-range proton
transport.

Compared with dried Nafion, a clear difference has been and water molecules in Nafion and S-PEEK is shown in Figure
observed for dried S-PEEK (DS 73%), as seen in Figure 11a. 12. In Nafion, flexible side chains (blue) allow for close
Namely, there is no observable dipolar coupling among the proximity between different sulfonic acid groups (red) and
sulfonic acid protons, even when the recoupling time is extended associated water molecules (green). This makes it possible to
to 8r. The possibility of close packing between adjacent form a hydrogen-bonded network whehl,O/SQsH is about
polymer chains could give short distance between sulfonic acid 1—2. Higher water contenfH,O/SQH > 2, increases proton
protons. However, since no coupling was observed in the dried mobility, which decreases dipolar coupling. In S-PEEK, the
membrane, the protons must be either isolated or extremelysulfonic acid groups (red) are too far apart due to the lack of
mobile. Because of the absence of long side chains in S-PEEK,side chains and the relative rigidity of the aromatic backbone
proton distance between sulfonic acid groups in dried samples(blue). WhennH,O/SGH < 2, there is no hydrogen-bonded
must be long irrespective of whether they are on same polymer network formed, and rotation of hydronium ion (green) averages
backbone or spatially adjacent ones. Thus, the hydronium ionsproton dipolar coupling, which makes it undetectable. When
formed by complexing of water molecule and sulfonic acid nHO/SQH is about 2-3, a hydrogen-bonded network is
proton are isolated. The fast rotation of these ions around anyformed. In the meantime, the increased water mobility makes
of O—H bonds greatly averages the dipolar coupling between the proton dipolar coupling very weak. Thus, it is expected that
protons of hydronium ion and could explain the weakness of a further increased water conteti,O/SGH > 3 causes proton
the dipolar coupling in the dried S-PEEK sample. Itis important dipolar coupling undetectable due to the high mobility of the
to note that the hydronium ion rotation will not contribute long- water molecules.
range proton transport in the absence of a continuous H-bonding The model resulting from this study gives a concise dif-
network. After this sample was humidified slightly, the dipolar ferentiation between the conductivity of Nafion and S-PEEK
coupling become strong enough to be detectable when thebased on the responses of these two materials, under varying
recoupling time is & (Figure 11b) Since humidification of degrees of humidification, to the DQF pulse sequences. This
S-PEEK will increase the mobility of the sulfonic acid group, molecular level understanding of proton conductivity has been
the dipolar coupling would be intuitively expected to decrease. lacking in the discussions of membrane candidates, which are
The observed increase in the coupling strength is attributed tomore typically characterized exclusively by macroscopic con-
the growth of the hydrogen-bonding network beyond locadtbO  ductivity measurements obtained using impedance spectroscopy.
groups and their associateel—3 water molecules (Table 2) )
to a more extended, but still strongly H-bonded, network. The €onclusions
formation of this network is considered to be essential to long-  Proton exchange between water and sulfonic acid groups has
range proton transport and continues to grow with increasing been confirmed by high-resolution solid-state NMR for both
humidification. Again, under 100% humidification, no detectable Nafion and S-PEEK. The proton mobility depends on not only
dipolar couplings were observed in the DQF spectra. A model water content but also temperature. Compared with dried
illustrating the hydrogen bonding between sulfonic acid protons S-PEEK, a lower activation energy for proton transport in dr&ﬁgv
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Nafion suggests that S-PEEK is a competitive proton conductor
under low-humidity conditions. The small difference in activa-
tion energy between pure Nafion and ZrRafion indicates that
ZrP is a promising additive for Nafion composites. A model is
proposed for the proteaproton contacts in Nafion and S-PEEK
on the basis of their respectiiel—H dipolar couplings. These
data were obtained using a homonuclear double-quantum filtered,
NMR sequence, which allows the molecular level structure and
dynamics to be explored.
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