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ABSTRACT: Peroxide radical treatments of a perfluorinated ionomer used in polymer electrolyte membrane
(PEM) fuel cells and its small molecule analogues were carried out, along with analysis of the resultant products.
Molecules containing terminal carboxylic acids degraded at least 1 order of magnitude faster than noncarboxylate
materials; all of the systems did show peroxide-initiated degradation nonetheless. Product analysis suggests that
terminal carboxylic acids react according to a sequential chain shortening, consistent with previous studies. Cleavage
of side chains from both polymer and model compounds was also observed to be important and in fact may be
the dominate pathway in low carboxyl content commercial PEM membranes, based on the following comparison
of reactivity and concentration. The relative reactivities of carboxylic chain ends and ether linkages is approximately
500, as calculated using model compounds fluoride generation rates. Commercial perfluorosulfonic acid (PFSA)
products contain minimal carboxylic acid end groups, and the side chain concentrations ar® ofd2rs of
magnitude higher than carboxylic acid end groups.
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Figure 1. Schematic diagram of a PEM fuel cell.

and the service lifetime of PEMFCs. From the literature it is
unclear whether there is a single dominant mode of failure for
PEMFC systems. Besides membrane degradation, potential
failure modes of other system components include dissolution

Fuel cells are currently being explored as energy conversion

use of proton conducting polymer membranes coated with a

composite electrode formed from nanoparticulate electrocatalysts

terminate in a sulfonic acid group, or perfluorosulfonic acids —
(PFSAs)3 The ionic sulfonic acid groups are believed to self- Catalytic Layer
information of the morphology of Nafion is available in a recent

review papef.

devices which can meet a range of societal needs for transporta |
tion, stationary, and portable power. Among the various types 1 ®_’/
of fuel cells under consideration, polymer electrolyte membrane
fuel cells (PEMFCs) are a leading technology. PEMFCs make
interspersed with ionomer, as is schematically shown in Figure ?
112 The dominant class of polymer electrolyte membranes
currently in use are perfluorinated, poly(tetrafluoroethylene)-
based polymers bearing perfluoroether side chains which H,— 21 +2¢
assemble into channels suitable for proton conduction and water,
transport necessary for fuel cell operatfoNafion (Nafion is a
registered trademark of DuPont for a PFSA ionomer) is currently
the benchmark ionomer for PEMFC applications. More in-depth
A critical issue for the commercial success of PEMFCs is
their durability, especially for transportation applications. Both
academia and the fuel cell industry are actively working to gain
understanding of the failure mechanisms of fuel cell systems.

and aggregation of platinum catalyst parti€té? corrosion of
carbon catalyst suppott!2and delamination of the electrode
and membrane layefResults of membrane deterioration, such
as fluoride evolution in the effluent water, membrane thinning,

Among other fuel cell components, the degradation of membraneangd pinhole/crack formation are frequently observed in the

is often found to be a significant cause of cell death by the

operating fuel cell systentd314Various mechanical degradation

eVentual forma“on Of pln-h0|eS and teaI’S, due to the Comb|nat|on modes have been proposed to exp|ain Such observationsy

of chemical and mechanical degradatiénKnowledge of

including fatigue-type behavior resulting when membranes are

membrane chemical degradation mechanisms can providesypjected to rapid dehydratiemehydration cycles that can be

important material design guidelines to improve the stability
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caused by rapid current density chari§égand concentrated
stress areas and localized heat spots caused by penetration of
catalyst particles into the membratfe’

The chemical degradation of membranes is thought to play a
critical role in the observed fuel cell failures, although the final
failure may ultimately result from the interplay between different
degradation routes within various fuel cell componéafghe
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Scheme 1. Chain End “Unzipping” Degradation Mechanism Fenton Test
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current state of knowledge describing possible chemical mech-
anisms of degradation for PEM membranes was recently
reviewed!>18 The majority of authors in the field attribute 54 .
chemical degradation of PFSA membranes to be caused, at least , |
in part, by exposure to peroxide and hydroxyl radicals known

to be produced in these electrochemical devices via incomplete 34
reduction (2 electrons) of £ Various membrane chemical
structure changes were observed as a result of degradation.
Schlick et al*® reported the observation of a polymeric radical 14
where the unpaired electron is located on the tertiary backbone
carbon atom in Nafion PFSA that is linked to the pendant side
chain. Chain end radicals with structures like®—CH—CFK*

were also identified on the side chain radical by electron spin
resonance (ESR), when Nafion membranes, saturated with metafigure 2. Plot showing relative fluoride emission rate (FER) from
counterions, were exposed to UV radiation in the presence of '(:rggﬁggtsec}effén‘:‘soﬁg‘;ﬁgfgm i?]f r‘;?”z%e)mrat'on of reactive end-groups
H.0O,. The reaction between the Fe(lll) counterions and sulfonic '

acid groups on the side chains was proposed to produce suc
chain end radicals: RO—CKR—CR—SO;~ + Fe(lll) —
R—O—CFR,—CFR,—S0Os* + Fe(ll), followed by rearrangement
via elimination of SQ and Q. Direct soaking of Nafion in 3%
(v/v) aqueous KO, solution for up to 30 days lead to the
formation of the S O—S bond as determined by Fourier
transform infrared spectroscopy (FTIR)The S-O—S bond
formation was thought to be the result of crosslinking of sulfonic
acid groups on the side chains, which subsequently reduces th
ductility and proton conductivity. In another stuglyFTIR
studies revealed trace amount of BOF or S—O—S formation
when Nafion was degraded by.Eh/Fe(ll) solutions; such

T T T T 1
4 6 8 10 12

(=]
N

Normalized End-group Count

Weads to the reduction of reactive end group contents, but the
fluoride evolution was not eliminated even when the reactive
end groups are reduced to be close to zero, as shown in Figure
22428 A second degradation mechanisms is therefore necessary
to account for the significant nonzero fluoride evolution
observed when carboxylic acid end groups are eliminated and
to potentially explain the structures of PFSA degradation
é)roducts identified as discussed above.

The present study addresses the need for the construction of
a coherent model of PEM polymer degradation mechanisms.
In order to gain the benefit of standard chemical methods
egenerally not easily deployed when studying the intractable

Cagge?nf's:ﬁocoggggghkr(;cr):;vxn I?ngﬁn?rg Se:giglerr: d%n%lcljs ar ionomers, a family of low molecular weight model compounds
y 9 Y y yarop y " (MCs) with structural characteristics similar to moieties found

The authors alsq commented t_hat th_e side chains were decoan PFSAs was examined. Additionally, the degradation test and
posed more easily than the main chain, based ofEheuclear

magnetic resonance (NMR) integral ratio changes of Nafion products analysis of MCs allow for the comparison of reactivities

. 19 . of different moieties toward degradation. In parallel we report
repeat units. FTIRC NMR, F NM.R’ and mass spectrome'tr.lc degradation of the benchmark PFSA membrane, Nafion, under
(MS) analyses of the degradation test solution exhibited

fluorinated fragments with the structure largely resembling the the same condition used with the MCs. Relative kinetics of

. gmer . 3 gely 9 fluoride generation, as well as characterization of degradation
derivated Nafion side chain structui? X -

. . . . . products, were considered as mechanistic probes.

Despite valuable information revealed from the literature cited
above, the detgiled degradation mechani_sm(s) leading to they Experimental Section
observed chemical structural changes is still poorly understood.
One important mechanism was proposed by Curtin et al. to

explain the fluoride genera_ltlon pathwéAs shown in Scheme . converted to acid form by the following protocol prior to the
1, _the proposed degradation process starts from the_ Calrboxyl'Cdegradation test: membrane in the form of a film is cleaned by
acid end groups {COOH) that may be present in small peating in a 1.5% viv peroxide solution at 70 for 1 h, followed
concentrations in PFSAs. These end groups are unlntenuonallyby washing the membrane in a hot deionized (DI) water bath
introduced from the manufacturing process of Nafion and other (70 °C) for 1 h. The membrane then was boiledl M sulfuric
ionomers via the hydrolysis of the persulfate initiators used in acid far 1 h toconvert it to the acid form. The whole process was
the polymerization of NafioR® The degradation is proposed to completed by subsequent washing with “T0 DI water for 1 h.
proceed by a main chain unzipping mechanism: hydroxyl The structures of model compounds (hereafter MC) considered in

radicals abstract hydrogen atoms from the termin@lOOH, this work, along with Nafion ionomers, are given in Figure 3. MC1,
followed by decarboxylation to form primary perfluorinated ~Perfluoro(2-methyl-3-oxahexanoic) acid, 97%, was purchased from
radicals. These primary radicals then react with available Lancaster Synthesis. MC2, perfluoro(2-methyl-3-oxa-7-sulfonic

hvd | radicals 1o f . fluorinated alcohol hich heptanoic) acid, 96%, MC3, perfluoro(4-sulfonic butanoic) acid,
ydroxyl radicals 1o torm primary fiuorinated alconols, which —,qre provided by 3M. MC4, perfluorn-octanoic acid, 98%, MC5,

are highly unstable and rapidly decompose to acyl fluorides with onafiuorobutanesulfonic acid, and MC®},dperfluorooctane, were
elmination of HF. Subsequent hydrolysis of acyl fluorides yields purchased from SynQuest Labs. MC7, perfluoro(3-oxahexanoic
carboxylic acid ends to re-enter the degradation cycle, shorteningsulfonic) acid, and MC8, perfluoro(4-methyl-3-oxaoctanoic sulfonic)
the chain by one net carbon unit. Fluorination of end groups acid, were provided by 3M. All the MCs were used as received.

Methods and Materials. Nafion 117 membrane (hereafter
Nafion) was purchased from Aldrich. Membrane samples were
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Figure 3. Structures of Nafion (upper left) and various MCs.
Table 1. Concentrations of Reagents Used in Degradation Tests data were presented by plotting the amount of fluoride detected as
reagent concentrations a_function of accumulate_d qegradation test time/_interval; error bars
- signify the standard deviation of two to four replicates for various
Fe(ll) 1.25 mM (approximately 70 ppm) MCs
H20; 11 mM i _ ' .
MZCZ 100 mM Degradation Test Procedure of Nafion.The degradation test
DI water 50 mL (total) started with the acid form of Nafion. The first step was to convert

Nafion to its Fe(ll)-saturated form by immersing the sample in a

Ferrous sulfate heptahydrate, 99%, and hydrogen peroxide solution9-1 M FeSQ solution fa 2 h at 70°C. After the ion exchange, the

30% (w/v), were obtained from Fisher. Total lonic Strength Sample was removed and rinsed with DI water to remove the
Adjustment Buffer (TISAB II, with CDTA) solution was purchased ~ '€Sidual ion exchange solution from the membrane and further
from Thermal Orion. Acetonitrile and ammonium acetate, both Plotted dry with paper towels. The samples appeared to be light
HPLC grade, were purchased from VWR. yellow in color prior to the degradation test. The targeted Fe(ll)
Fluoride Cloncentration Measurement.Fluoride ion concentra- loadings were quantitative relative to the concentration of sulfonic
tion in aqueous solutions was measured using an ion selective@cids, which was calcule_lted from the equivalent weight of Nafion.
electrode (ISE) (Mettler-Toledo, ISE part no. 51340510, meter |ne Fe(ll)-saturated Nafion samples were added to a round-bottom
model number MX300), which was calibrated over the range-6.01  12sk containing DI water, then degassed with dry nitrogen gas for
1000 ppm fluoride using NaF aqueous solutions. The detection &t 1€ast 20 min prior to the addition ofzB,. The solution was
accuracy limit is at least 0.1 ppm (5.26 106 M), which stil then heated to 7& 2 °C, and hydrogen perQX|de (c_oncentratlon
gives a satisfactory calibration curve fit when compared to the Q.l M base(_:i on the total volume of the reaction m_e_dla) was slowly
theoretical value using the Nernst equation. All of the fluoride ntroduced into the flask to react through an addition funnel. The
concentration data reported here were obtained by a direct measure[€action mixture was held at AT under purge of nitrogen for a

ment method against the calibration curve: The electrode was Certain period of reaction time, typically approximately 35 h. The
immersed into a solution containing 2 mL of sample and 2 mL of fluoride concentration measurements were carried out by removal

TISAB Il solution (the solution was constantly stirred) and a of 2 mL aliquots from the reaction flask. The reaction media was

potential reading of the meter was recorded after equilibrium was MOt discarded but used in the following test (2 mL of DI water was
reached, typically 510 min. The electrode was checked daily by added back to the reactor to balance the total volume along with

a solution of known fluoride concentration to ensure accuracy and e addition of hydrogen peroxide for the next round of the
was recalibrated whenever deviation was observed. degradation experiment). The degraded sample (dark brown color)

Fenton's Degradation Test.The concentrations of MCs and was then converted back to the acid form (colorless) by immersing

Fenton’s reagents are tabulated in Table 1. The exact concentratiorin 2'5 M ":12504 at .7?;(: iobr 1h. Th‘? ne>r<]t round Sf theddegr%dgtiol?
of H,0O, formed in a real fuel cell is very difficult to measure and est was then carried out by repeating the procedure described above.

is a function of many factors such as membrane thickness and In Situ CO Detection in Degradation Test of MCs.In some
location relative to the catalyst layer. A “typical” concentration ~degradation tests of carboxylic acid-containing MCs, the purging

measured by one group was found to be-20 ppm?’ which nitrogen gas was vented to a 50 mM sodium hydroxide solution in
translates to approximately 0.5 mM. In this study, 11 miyDbi a test tube containing phenolphthalein as an indicator (pink when
concentration was used for accelerated degradation tests. basic, colorless when acidic) to detect the generation of carbon

Degradation Test Procedure of MCsEach MC was first mixed ~ dioxide. Control experiments were run without hydrogen peroxide
with a 40 mL aqueous solution containing 1.25 mM ferrous ions and without carboxylic acid-containing MCs to demonstrate that
by dissolving ferrous sulfate heptahydrate in water (all the No false position C@reading would be obtained.
concentrations herein are calculated based on the total volume, i.e., UV Photolysis Degradation Test.In parallel to the Fenton's
the final volume after all the reagents are introduced into the reaction, UV photolysis of hydrogen peroxide was exploited as a
reactor), then the solution was bubbled with nitrogen dry gas for metal-free source of radical for MC degradation. An advantage of
at least 10 min to remove the oxygen that might quench radicals. this approach is that it eliminates the iron ions present in Fenton’s
The solution was subsequently heated tat72 °C, and hydrogen testing, potentially not present in such high concentrations under
peroxide was added through an addition funnel at a slow dropping actual fuel cell operation. It is well-known in the literature that
rate, typically 16-20 drops/min. The reaction mixture was held at hydroxyl and peroxyl radicals are generated when hydrogen
approximately 70°C under nitrogen purge for 24 h, followed by peroxide is exposed to UV radiatidh? The light source used was
removal d a 2 mL aliquot from the reactor for fluoride concentra- an Oriel standard 100 W mercury lamp with a wavelength range
tion measurement. The tests were continued by adding fresh ferrousof 200—-2500 nm. MCs were mixed with DI water (100 mM, total
ions and hydrogen peroxide to react by the same procedurevolume of testing samples, 3 mL in a quartz crucible, placed at
described above, and another fluoride measurement was carried ouéabout 20 cm away from light source) and then further exposed to
after an interval of 24 h. The sample process was repeated-#or 5 the UV radiation fo 1 h atroom temperature, with and without
cycles, for a total of approximately 130 h to complete the test. The the presence of hydrogen peroxide (400 mM).
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Figure 4. Fluoride evolution from MCs as a function of test time (left, full curve; right, low concentration range).
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under Fenton’s degradation test.

19 Nuclear Magnetic Resonance (NMR)NMR spectra were
obtained using a Varian AS600 600 MHz spectrometer. Acetoni-
trile-d; (Fisher) was used as the solvent for MC treatment
experiments; all the chemical shifts are referenced to gléfined
as 0 ppm) as a standard.

Liquid Chromatography —Mass Spectrometry (LC-MS). The
LC—MS analysis was carried out on a Thermo-+tMS system
equipped with an HP/Agilent Zorbax column (Eclipse XDB-C18,
2.1 mmx 15 cm). HPLC grade ultrapure water was used to prepare
mobile phases. Solvent A: aqueous 6 mM ammonium acetate.
Solvent B: 95/5 acetonitrile/water containing 6 mM ammonium
acetate. The solvent gradient started with constant 5% B for 5 min,
then from 5% B to 100% B in 25 min, followed by holding at
100% B for 5 min. The sample injection volume wag(2, and
the mobile phase flow rate was 0.25 mL/min. The ionization method
is negative ion electrospray. The range of-3@00m/z was used
for MS scanning.

3. Results and Discussion
3.1. Fluoride Evolution from Fenton’s Degradation Tests.

Figure 6. Fluoride evolution from MCs¥1 h UV exposure: unfilled
columns represent fluoride generated from UV exposure witheQt H
added into the solution; filled columns show the fluoride generated
from UV exposure with the presence ob®}.

pH, ferrous ion concentration, and ferric ion concentration on
measured readings. It was verified that the measurement was
not affected by sample pH values when using the TISAB I
buffer solution to maintain the desired pH range and good ion
background (control experiment data not shown for brevity).
When pH> 7, hydroxide ions will interfere with the electrode
response to fluoride; for pH< 5, the proton can complex a
portion of the fluoride in solution by forming the undissociated
acid HF and (HR) ! ions. It was also found that the presence
of FE' between 1 and 50 mM does not interfere with the
fluoride measurement when the TISAB Il buffer solution is used,
while interference from F& at concentrations above 50 mM
was observed. This Eeinterference could be eliminated by a
serial sample dilution method, in which an accurate fluoride
concentration was obtained by diluting the sample to the point
(typically 100-fold dilution) where the concentration of3Fe

Caution has been taken to ensure the accuracy of the fluoridewas below 25 mM and therefore does not interfere while keeping
concentration measurement by examining the effect of samplemeasuring fluoride concentration well above the detection limit
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Figure 8. MS spectra of LC trace of a degraded MC4 reaction product mixture at various elution times.

of the electrode. Therefore, if an ISE is used to measure the The fluoride evolution from MCs is plotted in Figure 4. The
concentration of fluoride, caution has to be taken to correct for fluoride concentration is presented as the atomic percentage ratio
the interference of Fe ions. of fluoride released relative to the total fluorine atoms from
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Figure 10. MC1 LC trace (top) and corresponding MS spectrum (bottom) at retention time<RIY min.

each model compound. MCs containing carboxylic acid groups ether linkage), and MC8 (perfluorinated sulfonic acid molecule
showed significantly higher rates of fluoride generation than containing both linear and branched ether linkages), shows the
those without that functional group. The fluoride evolution of order MC5 > MC7 ~ MC8 > MC6. The lowest fluoride
MCs without carboxylic acid groups, MC5 (four-carbon per- generation of MC6 is expected due to its low solubility in
fluorinated sulfonic acid molecule), MC6 (eight-carbon fluo- aqueous solution (phase separation was observed). The relatively
rocarbon molecule containing one hydrogen atom), MC7 higher fluoride release rate observed for MC5 may be due to
(perfluorinated sulfonic acid molecule containing one linear the fact that MC5 contains fewer fluorine atoms (shorter chain
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Figure 11. LC chromatographic trace of degraded MCL1 reaction product mixture (top). LC traces (relative abundance) of selective ions from
PFPA (bottom four traces).

than MC7 and MC8), which may increase the percentage of is normalized to the sample weight of Nafion sample used,
fluoride release. It is important to note that even for these least showing a linear trend of fluoride evolution over the testing
reactive model compounds (MC6, MC7, and MC8), nonzero time. The estimated fluoride evolution rate in current accelerated
fluoride generation rates were observed. This result implies thatdegradation test is in the order of 10107 g of fluoride/h
fluoride release pathways from PFSAs other than the carboxylic cm™2, which is 2 orders of magnitude higher than the fluoride
acid end group degradation exist and are kinetically competentrelease rate from actual running fuel célf$This result shows
(a comparison of MC4 and MC8 degradation rates suggests agood validation of the accelerated degradation test method used
factor of 500 difference between carboxylate and noncarboxylatein this work, i.e., Fe(ll) ions are loaded into the membrane and
PFSA analogues). This point is highly relevant since MC8 is further addition of HO, can generate attacking radical species
structurally a close analogue of Nafion, while MC7 is the inside the membrane. Our control experiment also showed that
analogue of other popular commercial PFSAs (nonbranchedthis degradation method also yielded higher fluoride generation
PTFE and perfluorovinylether sulfonic acid copolymers) manu- than simply exposing the membrane to a solution containing
factured by 3M and Dow. Carboxylic acid-containing MCs, both Fe(ll) ions and kD, (the “conventional” way of ex situ
MC1 (branched perfluorinated ether with one terminal carboxy- membrane degradation test), as the degradation might primarily
lic acid), MC2 (branched perfluorinated ether with both terminal happen on the surface.
carboxylic acid and sulfonic acid), MC3 (four-carbon fluoro- 3.2. Fluoride Evolution from UV H,0, Photolysis Deg-
carbon with terminal carboxylic acid and sulfonic acid), and radation Test. MC solutions were exposed to UV irradiation
MC4 (eight-carbon fluorocarbon with one terminal carboxylic to degrade at room temperature, and the fluoride generation was
acid), exhibit the following fluoride generation rate order: MC3 measured. UV irradiation was carried out on MC solutions with
> MC2 ~ MC4 > MCL1. The overall trend is monotonic and and without HO,, and the resultant fluoride generations are
relatively linear, accounting for as much as 2% of the total shown in Figure 6. For MCs containing carboxylic acid groups
fluorine content of the starting materials over 120 h incubation (MC1—MC4), UV irradiations led to fluoride generation even
time. The fluoride generation rate of suetCOOH containing without the presence of added,®b, probably due to UV-
MCs appeared to be at least 1 order of magnitude higher thanfacilitated decarboxylations that may further trigger structural
MCs without —COOH groups, as shown in Figure 4. Shorter changeg?® Higher concentrations of fluorides were generated
chain MC3 again shows higher fluoride release ratio. Control when HO, was added to the MC solutions subject to UV
experiments in the absence of hydrogen peroxide, with or irradiation. MC5 and MC6 were found to generate much less
without Fé* catalyst, failed to generate detectable concentration fluoride than the—~COOH containing MCs, i.e., MGIMC4,
of fluoride with the MCs. even when UV irradiation was carried with®, added. Overall,
The fluoride generation from Nafion membrane exposed to similar degradation trends were observed between the Fenton’s
Fenton’s reagents is shown in Figure 5. The released fluoride degradation test and UV degradation tests.
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Figure 12. MC1 LC trace (top) and corresponding MS spectra (bottom) at=RT.9 and 2.9 min.

Table 2. Tabulated Parent and Adduct lons of TFA and PFPA

TFA MW of ions PFPA MW of ions

CR—COOH 114 CE—CR—COOH 164
(TFA — H") 113 (PFPA—HT) 163
TFA:-- (TFA — HT) 227 PFPA:- (PFPA— H*) 327
(TFA — H* + Na*)--«(TFA—H™) 249 (PFPA— H* 4+ Na"):++(PFPA— H™) 349
2(TFA—H' + Na)--«(TFA — H") 385 2(PFA— H* + Na")--«(PFPA— H™) 535
3(TFA — HT + Na")--«(TFA — H") 521 3(PFPA— H* + Na")---(PFPA— H*) 721
A4(TFA — H* + Na")--+(TFA — HT) 657

3.3. Degradation Product Analysis of MCs.The chain end deconvoluted into six peaks at six elution times, and the MS
unzipping mechanism is widely accepted in the literature. spectrum of each peak at these six elution times were recorded
However, the structures of the resultant degradation productsand shown in Figure 8 with the designation of MSNIS 6.
have not been confirmed. Chain end unzipping mechanism MS 1 in Figure 8 exhibits that the peak at this elution time
products were verified by the degradation product analysis of is the intact MC4, where the 413 Da ion is assigned to be the
MC4, a molecule that contains only a carboxylic acid group on parent ion by losing a proton and forming a negative anion,

a linear perfluorinated linear aliphatic chain{RCOOH). After and the 827 Da ion is assigned to an adduct ion of a molecule
the Fenton’s test, LEMS analyses were carried out on the of MC4 and a parent ion of MC4. These two ions should serve
reaction mixture of MC4, shown in Figures 7 and 8. as good signature ions for solving the MS spectrum with the

In Figure 7, the full chromatograph is shown on the top where structure similar to MC4. A close examination of the rest of
it is very obvious that there are a series of peaks at different the MS spectra (MS-2MS 6) reveals that at those five earlier
elution times. A specific ion molecular weight can be extracted elution times, the molecular weights of various parent ions differ
from the full chromatography trace to show the relative ion by 50 Da, and the molecular weights of adduct ions differ by
intensity of that specific ion at different elution times; the 100 Da, and therefore MS 2 is assigned to be tt&e-COOH
resulting chromatography trace is called an extracted chromato-because the difference of this molecule and MCH (T OOH)
graph hereafter. Such an extraction has been carried out on theés a —CF,— unit (50 Da). The difference of 100 Da (a net
full chromatograph of the MC4 reaction mixture. Six ion decrease of twe-CF,— units) for the adduct ions and a shorter
molecular weight ranges were used to extract the full chro- elution time (a shorter elution time is expected for a molecule
matograph, 412413, 362-363, 312-313, 262-263, 212-213, with a shorter hydrophobic tail for the reverse phase C18 column
and 162-163 Da, and the resulting extracted chromatographs used) both confirm this assignment. Similar analogues have also
are shown in Figure 7. The full chromatograph is accurately been observed for MS-3VIS 6. The stepwise loss of GEnits,
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Scheme 2. Proposed Mechanism for MC1 Degradation
o)
|~
HO——C——CF——0—CF,—CF,—CF;
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on/ - NgT
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o H

l hydrolysis

-HF - HF
Fs:C—C—OH + HO—CF,—CF,—CF; —>» F——C—CF,—CF3 —> HO——C—CF,—CF;

o

Table 3. Proposed Degradation Products of MC8 with Expect Parent and Adduct lons

MCS, Product-1 MCS, Product-2
(MC8-PRDT1) (MC8-PRDT2)
0o
HO—C—CF—0—CF,—CF,—SO3H CF3—CF—0—CF,—CF,—SO;H
CF3 CF3
MCS-PRDT1 m/z MCS-PRDT2 m/z
(MC8-PRDT1-H") 341 (MC8-PRDT2-H") 365
(MC8-PRDT1-H)-CO, 297 MC8-PRDT2 * (MC8-PRDT2-H") 731
(MC8-PRDT1-2H") 170
(MC8-PRDT1-2H")-CO,F 277
MCS8, Product-3 MCS, Product-4
(MC8-PRDT3) (MC8-PRDT4)
CF3_CH_0_CF2_CF2_SO3H H_CFZ_O_CFz-ch_So:;H
F
MCS8-PRDT3 m/z MC8-PRDT4 m/z
(MC8-PRDT3-H") 297 (MC8-PRDT4-H") 247
MC8-PRDT3 * (MC8-PRDT3-H") 595 (MC8-PRDT4-H"+Na") * (MC8-PRDT4-H") 517

MC8-PRDT3-H'+Na") * (MC8-PRDT3-H 617
(MC8 3-H'+Na") * (MC8 3-H"

reforming another terminal carboxylic acid groups, is completely ~ From fluoride evolution data and the degradation product
consistent with the unzipping degradation mechanism for analysis of MC4, it is clear that terminal carboxylic acid groups
degradation of molecules like MC4 under the testing conditions. are very reactive toward radical attack, and the products of
This LC—MS analysis clearly shows the evolution of the degradation can be readily explained using the chain end
perfluorinated eight carbon acid into its seven through three unzipping mechanism (Scheme 1). The fate of more complex
carbon analogues. Another degradation product; g43, was structures, containing the ether links and branched structures
trapped by the method described in the Experimental Section.common in PFSAs, also need to be examined. MC1 and MC2
It was observed that the color of the test tube turned from pink are suitable for such a comparison, since both contain carboxylic
to colorless within 1 h upon the addition of D, into the flask. acid, ether, and tertiary carbons. In addition, the degradation of
1% NMR indicated that there were no fluorinated organic MC1 and MC2 will potentially reveal the subsequent degrada-
compounds in the trapping test tube to cause the observed colotion fate of the side chains of Nafion, should they be cleaved
change, and the detection of g&gain supports the unzipping from the polymer main chain. The L-&€MS product analysis
mechanism. results of MC1 are shown in Figures-81. LC—MS analysis
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(bottom-right) RT= 18.2 min.

of degraded MC1 identified intact starting material MC1, From the full LC trace of the MC1 reaction mixture, the large
trifluoroacetic acid (TFA), and pentafluoropropionic acid (PFPA). peak at retention time approximately 9.0 min is the intact MC1
The parent ions and other corresponding adduct ions for thesereagent. TFA is observed at 1.9 min, and PFPA peak is a broader
products are tabulated in Table 2. peak from 2.4 to 4.3 min. It should be mentioned that the other



Macromolecules, Vol. 40, No. 24, 2007 Perfluorinated Sulfonic Acid Polymers8705

Major Product 1

100 3¢ from Nafion
Sl ° | Full
w al
-E ke LT 05 et ST N 1 me mw w0 ug 57wz ng Chromatograph
T ——
g |oo- § 44 Extracted
2 50 . Chromatograph
7
£ dim 3. 1T 4412 1833 2081 uTH %6 WM DD 4 %96 010 MW: 340-341 Da
Em: Extracted
é - Chromatograph
: W: 682-6
ot s AT e me e, MCSERCES0
26 ¥ 3 30 2 3 36 38
Time (Minute)
! Qe
@ 74T
o
= 761
=
=]
=
2
-«
w 4
2 1873 a7
= e “ s 74161
= 'D‘T 177,01 I Tong
1 -—
o su?fﬁ! 151.06 ' 1 L o5, | 3?37 43872 47789 53824 56363 68 61 85001 B8N 36 MS 1
1 T T T T * T T T T * T T T & T | T T ﬁ T T T T “ T T T _
m/z

Figure 15. Nafion degradation product LC trace (top three, full and extracted chromatographs) and corresponding MS spectrum (bottom) at RT
= 7.7 min.

008
] a ¢ |«
F

Yg HOOG——C——0—CF,—CF;—S05H
Al
£ 008 CF;
il b
Em‘

LLCE

el b d

T3]

001 ¢l ¢ a

001

Oz

o .o 20 @ 30 @ 40 @ S0 80 .70 80 80 .00 <110 @ <120 30 140 150 @ 160 70 .80 @ .190 @ .20

Chemical Shift (ppm)

Figure 16. °F NMR of major product of Nafion degradation from Fenton's degradation test solution.

peaks at 1.7, 2.1, and 6.8 min are identified to be the Figures 10 and 12 clearly exhibit the expected ions from TFA
contaminants present in the E®IS system background and and PFTA tabulated in Table 2.

thus are excluded from the degradation products analysis. Mobile 1°F NMR analysis of these same reaction products supported
phase empty checks in between data acquisition found similarthe LC—MS assignments (TFA;-CF; at —76 ppm; PFPA,

ion patterns from those peaks, and the expected TFA and PFTA—CF; at —82 ppm and—CF,— at 125 ppm) as well as
peaks were found from at least three independently degradedidentifying small concentrations of tetrafluoroethyl, heptaflo-
samples. The chromatographs extracted by expected ions fronropropyl ether { CFH— at about 146 ppm as a doublet of
TFA are shown in Figure 9, in which the peaks of differention multiplets) as another product. Note that this new ether is not
molecular weights appear at very similar elution times. A similar seen in LC-MS, probably due to the fact that in L&MS the
trend is observed for Figure 11, although the peaks are ion acquisition was set to be the negative ion mode. We propose
considerably broader than those of TFA. MS spectra shown in a mechanism which explains the observed reaction products for
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Table 4. Proposed Degradation Products of MC7 Based on LEMS major reaction product from Nafion degradation was identical
Analysis to Product-1 derived from MC8 (Table 3). Other than the
Designation, Molecular Weight Structure expected ions listed in Table 3, the/z value of 682 was
CF, oF, o, SouH gssigned to a a_dduct ion consisting of a de_proto_nated parent
MC7, 416 Da e N7 ey oy ion and another intact product molecule. The identical degrada-
tion product from Nafion running in a fuel cell testing was also
Impurity, 398 Da PN N independently reported by Healy etZaIThis result strongly
HFC ° Gz CR2 suggests that side chain cleavage in the polymer membrane

occurs, just as is the case with its small molecule analogues. It

Product A, 276 Da HOOC\CFZ/CFZ\CFZ/SOSH can be argued that the chain end unzipping mechanism in
Nafion-like PFSAs might eventually lead to substructures similar
F.C——COOH to MC1, which can cause the cleavage of side chains following
Product B (TFA), 114 Da 3 . . . . .
the mechanism described in Scheme 2. This scenario could
o o o o explain the degradation products observed herein with Nafion.
2, 2 2 3 H H H
Product C, 392 Da oo No ek s Such a mechanism, however, does not explain the degradation
products observed with polymer analogues (MC7 and MC8),
OFs_ _GF,_ SO nor doe§ it gxplain the fluoride ion. geperation rate versus
Product D, 300 Da CF3 CF3 carboxylic acid end group presented in Figure 2. These results

would require that a second mechanistic pathway exist for
fluoride generation. Fluoride generation can be readily produced
during the peroxide degradation of noncarboxylic acid contain-
ing small molecule analogues as discussed above, and this
degradation pathway primarily proceeds through ether cleavage.

MC1 in Scheme 2. In this mechanism, radical abstraction of a
carboxylic acid hydrogen atom initiates decarboxylation of the
model compound. The decarboxylated radical intermediate can
then undergo single electron transfer (SET) or atom abstraction conclusions
to produce the observed ether. Capture of a second hydroxyl
radical would be expected to produce perfluorinated propyl
acetate; we have independently demonstrated that such perflu
orinated alkyl acetates will rapidly hydrolyze to the perfluori-
nated acetic and propionic acids which were identified as MC
reaction products.

MC8 was chosen as a small molecule analogue to the Nafion
polymer itself, substituting a perfluoroethyl group for the
polymer backbone. LEMS analysis of MC8 degradation
products identified four significant species in addition to the
starting material. LC traces and MS spectra (the expected paren
and adduct ions of product-¥4 as tabulated in Table 3 are
highlighted with circles) are presented in Figures 13 and 14.
The major product appeared to be a fluorinated carboxylic acid
compound (MC8, Product-1), which could be expected to result
from cleavage of the ether group near the methyl end. Three
other structures (Products-2) were also identified as being
degradation products from MC8 or MC8 degradation product
Product-1. One of these reaction products (Product-3) corre-
sponds to a MC1 degradation product as well. What can be
clearly stated is that all of the major degradation products of
MC8 involves the cleavage of the ether link, analogous to loss
of the side chain of Nafion. No evidence for loss of sulfonic
acid groups was observed as well.

MC7 was selected as the structural analogue to PFSAs with
one ether linkage on the side chain, such as the 3M and Dow
products. LC-MS was also carried out to analyze the degrada-
tion products. The identified products and impurity compound paferences and Notes
present are listed in Table 4. Again, the major degradation

products of this MC require ether cleavage, similar to the loss (1) Rikukawa, M.; Sanui, K. Proton-conducting polymer electrolyte
membranes based on hydrocarbon polym@reg. Polym. Sci200Q

With the combination of the product analyses with the relative
fluoride generation rates in this study and the published results
correlating fluoride generation with carboxyl chain ends in
1 Nafion, a viable model for PFSA radical degradation presents
itself: (1) To the extent that backbone carboxylic acid groups
exist in a PEM membrane, those groups will serve as the
preferred sites of attack. (2) Ether linkages, which connect the
ionomeric side chains groups to PTFE backbones are also viable
points of attack for peroxide radicals and can lead to side chain

leavage. (3) The rate of reaction at carboxylic acid end groups
CEGs) appears to be approximately 500 times that of ether
cleavage. Commercial PFSA products contain minimal CEGs,
and the side chain concentrations are of32orders of
magnitude higher than CEGs based on the reported molecular
weight range of 250Kk-1 000K# The side chain ether attack
can become the dominant mechanism for polymer degradation,
consistent with the previously published nonzero fluoride
intercept data for a membrane with highly modified fuel cell
membrane polymers.
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