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Photocuring and Photolithography of Proton-Conducting Polymers
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A series of novel conformable proton-conducting thin films has been prepared from photocurable liquid
polyelectrolytes. Films prepared in such a fashion show promise for engineering unconventionally shaped
proton-exchange membranes using photolithographic techniques. These films are semi-interpenetrating
networks (semi-IPN) comprising a linear proton-conducting guest polymer, sulfonated poly[ether ether
ketone] (S-PEEK), in the presence of a statistically cross-linked host polymer matrix comprising divinyl
sulfone, vinylphosphonic acid, and acrylonitrile. Film properties ranging from brittle and fragile to robust
and flexible have been obtained, depending on the ratio of host/guest composition used. The extent of
dissociation of the weak acid component, vinylphosphonic acid, is strongly dependent on the S-PEEK
content. Proton conductivity, water content, and lambda values are dependent on the membrane composition
and degree of cross-linking. Proton conductivities similar to those of pure S-PE&ERY S/cm, have
been observed for a semi-IPN containing as little as 35 wt % S-PEEK.

1. Introduction pressed between two catalyzed electrodes under elevated

The proton-exchange membrane (PEM) is a key compo- temperature to form membranelectrode assemblies (MEA)
nent of solid polymer electrolyte fuel cells. It acts as both a © @chiéve good interfacial adhesion. However, the require-

separator to prevent mixing of reactant gases, and as adnent of using preformed membranes may restrict new fuel
electrolyte for transporting protons from anode to cathode.  Cell processing designs where high temperature and high
Nafion is the most widely studied PEM because it exhibits Pressure mu§t be avo@ed. For instance, novel fuel cell design
high conductivity, good mechanical strength, and chemical CONCEPts might require the PEM to be conformable by
stability, and is commercially available. Nonfluorinated and niéction molding, formed as microchannels and unique
partially fluorinated hydrocarbon-based membranes are Shapes, or strongly adhering to the catalyst layer without hot

viewed as low-cost alternatives to NafithSulfonated poly- ~ Pressing. One conceptual route to enhance processability of
(arylenes) such as sulfonated poly[ether ether ketone] PEMs is to prepare viscous Ilqu_lds that can be cast, printed,
(S-PEEK) are under intense investigatfoh They are easily ~ ' SPrayed as films or as microstructured designs, and
prepared with well-defined ion-exchange capacities (IECs), Subsequently photocured, thermally cured, or cured by
are generally soluble in organic solvents, possess good protorf|€ctron beam irradiation. Within this concept, a plausible

conductivity, thermal and chemical stability, and exhibit good demonstration is to dissolve a preformed proton-conducting
performance in bland methanol/air fuel celfst polymer in a vinyl monomer/cross-linking agent, and to

Conventionally, Nafion and sulfonated polyarylenes are POlymerize this composition to form a semi-IPN in which

employed as pre-cast or pre-molded membranes and com®"€ polymer is cross-linked in the presence of a linear

polymer (the proton-conducting polymer) as shown in Figure
*To whom correspondence should be addressed. E-mail: holdcrof@sfu.ca. 1.1* The difficulty, however, is finding suitable monomers
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Table 1. Compositions of Liquid Polyelectrolytes (wt %)
sample S-PEEK VPA DVS AN Pl DMA
Varying S-PEEK Content

S1 0 19 44 19 3 16
S2 4 17 43 17 3 15
S3 8 17 41 17 3 15
S4 17 15 37 15 3 13
S5 31 13 31 13 2 11
Varying DVS Content
S6 26 9 18 33 2 12
S7 26 9 25 25 2 12
S8 26 9 32 18 2 12
Guest polymer S9 26 9 41 9 3 12

300 mL of concentrated sulfuric acid overnight at room temperature
followed by reaction at 5855 °C for 6.5 h!3 Films of 70-150-
um thickness were prepared by dissolving S-PEERS wt %) in

------- o------- Host polymer
Figure 1. Schematic of semi-IPN.

o DMSO and casting onto a glass plate. Cast membranes were dried
2 {OO_OO&! at 90°C overnight and subsequently washed in deionized water to
\/ / remove residual solvent.
HO3S n The degree of sulfonation (DS) of S-PEEK was determined by
S-PEEK H NMR spectroscopy of 3 wt % S-PEEK/DMS@&-solutions!3
= = and found to be 74%.
b) €=\F|’—OH ST _o//\S{\O_ 2.3 Preparation of Photocurable PolyelectrolytesPhotocurable
OH polyelectrolytes were prepared according to the compositions shown
vinylphosphonic acid acrylonitrile divinyl sulfone in Table 1. To a 20-mL vial the appropriate amounts of liquid
monomer (VPA, DVS, ACN), solvent (DMA), and photoinitiator
/@i(ig)oiij:l\ (P1) were added. All samples were sealed and kept in the dark at
o) P room temperature for 12 h to ensure dissolution of the initiator. To
another 20-mL vial an appropriate amount of S-PEEK was added
and the corresponding solution of monomer/solvent/Pl mixture was
added. Complete dissolution of the S-PEEK in the monomer mixture
photoinitiator took ~2 days at room temperature. The viscosity of the resulting
Figure 2. Chemical structures of (a) S-PEEK, (b) host monomers, and (c) clear yellow solutions varied from free flowing to honey-like syrup
photoinitiator. as the S-PEEK content increased.

2.4 UV Photocured Electrolytes.Thin films of each solution
because its IEC can be controlled by adjusting reaction were spread with a casting knife onto glass slides fitted with Cu
parameter§.These particular monomers were chosen pri- wire (150um) spacers. The wires were 75 mm long and separated
marily because of their ability to solvate S-PEEK and becauseby 23 mm. The liquids were cured by irradiation using an ELC-
of their functionality: ACN provides flexibility and reduces 500 (Electro-Lite Corp., Danbury, CT) light-exposure chamber fitted
brittleness of photocured films; VPA has been shown to With four 9-W visible lamps which generate broad spectrum visible
enhance proton conductivity when polymerized into PEMS; light, 410-520 nm, cer_1tered at 450 nm. Films_were situated inside
DVS for its cross-linking ability: and DMA reduces the the chamber at approximately 10 cm from the light source and cured

. . - . . . for up to 4 h oruntil they were no longer tacky. Photocured films
viscosity of the liguid solution. Thus, a cross-linked matrix were stored in Milli-Q water. Cured film thicknesses ranged from

comprising VPA, DVS, and ACN is considered the host ;4 150um, depending on the Cu wire thickness.

polymer, and S-PEEK is the guest. The effect of the 5 5 characterization. Infrared spectroscopy was performed on
composition of the photocurable liquid on IEC, proton a Bomen BM-Series FT-IR spectrometer. BVisible absorption
conductivity, water content, lambda values, thermal decom- spectra were recorded on a Cary 3E spectrophotometer. lon
position, Tq, and optical clarity of the resultant films are exchange capacities of photocured films were determined by direct

presented. titration of triplicate samples to the phenolphthalein endpoint. The
titrated ion exchange capacities were then used to estihate
2. Experimental Section typically defined as [HO]/[SO;7], but in this case defined as {8/
[acid site] to reflect the presence of more than one distinct acid
2.1 Materials. PEEK, poly[ether ether ketone], (Victréd, ~ groups that can be associated with water in the membrane. Film

110 000 g/mol), concentrated sulfuric acid (Anachemia), vinylphos- thicknesses were measured using a micrometed.q01 mm,
phonic acid (Aldrich), and dimethylacetamide (Aldrich) were used Mitutoyo) and sample diameters were measured using a caliper
as received. Divinyl sulfone (DVS) and acrylonitrile (ACN) were  (+0.1 mm, Mitutoyo).
obtained from Aldrich and distilled prior to use. The photoinitiator, Thermal decomposition temperatures for the homopolymers and
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (IRGACURE semi-IPNs were determined using thermogravimetric analysis
819), was provided courtesy of Ciba Specialty Chemicals Canada(TGA) on a Shimadzu TGA-50 thermogravimetric analyzer.
Inc. and used as received. Samples of dry films of~2—5 mg were placed in platinum pans
2.2 Preparation of S-PEEK Homopolymer. A series of and heated from 25 to 50@ at a rate of 10C/min under ambient
S-PEEK polymers was prepared by dissolving 18 g of PEEK in atmosphere.

(12) Florjanczyk, Z.; Wielgus-Barry, E.; Poltarzewski,Solid State lonics (13) Huang, R. Y. M.; Shao, P.; Burns, C. M.; Feng, X.Appl. Polym.
2001, 145 119-126. Sci. 2001, 82, 2651-2660.
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Figure 3. UV absorption spectra of Sample S4, 17 wt % S-PEEK, liquid,
and photocured polyelectrolyte. 50

Differential scanning calorimetry (DSC) using a DSC Q10 (TA
Instruments) was used to determine the glass transitiprof the
pure host/guest polymers and photocured semi-IPNs. The instrument
was first calibrated against indium. Samples of dry film2{10
mg) were placed in aluminum DSC pans and heated under a.
nitrogen atmosphere at a rate of @min from 20 to 15C°C and
held at 150°C for 10 min to remove residual water. The samples
were cooled from 150 te-100°C and melting thermograms were
obtained at a constant heating rate o @dmin from —100 to 250 10
°C. The data were analyzed using Universal Analysis 2000, version
3.7A.

Proton conductivity was determined by a.c. impedance spec- °
troscopy with a Hewlett-Packard 8753A network analyzer (Agilent . . T

40

ion %
w
o

20

Transmiss:

Technologies) and analyzed with Z-view (Scribner Associates) using 1600 1400 1200 1000 800 600

a technique previously describ&dThe average of three samples e’

is reported. Figure 4. IR spectrum of Sample S4, 17 wt % S-PEEK: (a) composite,
2.6 Fuel Cell Polarization Curves.Commercial H-TEC (Lue- and (b) fingerprint region.

beck, Germany) electrodes were used to evaluate the UV-cured o _ _
semi-IPN membranes and a sample of Nafion 117 for comparison. initiator. Also shown in Figure 3 is the evolution of the BV
The as-received electrodes were used to prepare membrane Vis absorption spectrum as a function of photocure time.

electrode assemblies (MEA) simply by clamping the electrolyte of The loss of the 385415 nm shoulder corresponds to
interest between two 16-¢nelectrodes. The MEA was positioned photolysis of the photoinitiator.
into an H-TEC single cell fixture and installed into an in-house

fuel cell (FC) test station. The cell was operated at room temperature . . . .
and fed with unhumidified K at the anode at a flow rate of 50 be semi-IPNs with S-PEEK playing the role of the linear

mL/minute and unhumidified air at the cathode at a flow rate of 9UESt polymer residing in a cross-linke_d random copolymer
100 mL/minute. of VPA, ACN, and DVS host. To confirm that the polym-

erization proceeds as expected, changes in the FTIR spectrum

3. Results and Discussion of the photocurable solutions were monit.ored in situ. A small

_ . _ amount of the samples 1 mg, was sandwiched between two

3.1 Spectroscopic AnalysesThe UV—Vis absorption 6. mm NaCl plates (Aldrich) and the IR spectrum was

spectrum of the photocurable solution extends from the UV recorded between 4000 and 550 &t 16 scans resolution.

to 450 nm aS- il.lustrated in Figure 3 for a thin ||qU|d film FTIR Spectra were obtained periodica”y after 0, 15, 30, 60,
(70m) containing 17 wt % S-PEEK (Sample S4). A broad 120, and 240 min. curing time. Figure 4a shows the evolution
absorption peak can be seen, as a shoulder between 385 angk the FTIR spectra for the 17 wt % S-PEEK (Sample S4).
415 nm, due to the absorption of the photoinitiator. The A more detailed picture of the fingerprint region is included
transmittance aimax of the initiator (400 nm) is 19% and iy Figure 4b showing only 0, 60, and 240 min. curing times
hence may be irradiated uniformly throughout the thickness fgor clarity. IR spectra of S-PEEK and pure unreacted

of the liquid film. The incident light source, while having  monomers were obtained and used as reference in assigning
maximum power at 450 nm, emits a broad spectrum of light the peaks for the polymerizable mixture.

between 410 and 520 nm, sufficient to photodegrade the

The resulting photocured polyelectrolytes are assumed to

The number of components, and similarity between the
(14) Beatie, P. .. Orfino, F. P.. B V1 Zvehowska. K. Ding. J functional groups, in the polymeric solution renders the IR
eattie, P. D.; Orfino, F. P.; Basura, V. |.; Zychowska, K.; Ding, J.; . ipe .
Chuy-Sam, C.; Schmeisser, J. M.; HoldcroftJSElectroanal. Chem. spectr_um_cpmplex, and hence accurate |der_1t|flcat|0n of _egch
2001, 503 45-56. peak is difficult. Rather, groups of peaks, in characteristic
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Table 2. Effect of Curing Time on Proton Conductivity of Sample
S4, 17 wt % S-PEEK, Photocured Semi-IPN a) )

UV cure time (min) conductivity (S/cm)
15 0.033 I mm
60 0.041 Liquid [
90 0.043 Polyelectrolyte )
120 0.049 l \‘ l Copper Mask
180 0.050 A ———
240 0.050 i /
Il_l I EmEEEEREE N
| |
frequency ranges, corresponding to specific functional groups B lmmum, i
were monitored with curing time. The broad peak centered l e —
at 3060 cm?, attributed to the hydrogen bonding between b : l
the phosphonic acid groups and present in the FTIR spectrum "
of pure VPA, diminishes rapidly. This is considered due to
a decrease in hydrogen bonding as VPA is incorporated into Photocured

Polymer

the cross-linked structure. Although the characteristic vinyl = Rubber
(C=C) stretch expected at1610 cn1?! is masked by the ol
large broad peak at 1598 cy due to S-PEEK, there is a  Figure 5. (a) Schematic of the rubber mold, (b) photograph of cross sec-
decrease in peak size attributed to the consumption of thellon of cured electiolyte in the mold, (c) copper mask, and (c) photolithe-
vinyl groups. Further evidence of vinyl group consumption graphicatly cu '

comes from the decrease in all peaks between 1000 and 550 !°
cmt, characteristic of the out-of-plane bending modes 263°C
(—CH=CH,) for all monosubstituted monomers. This evi- 17
dence indicates that the monomers are consumed and that | \_____P e
cross-linking has taken place.

3.2 Effect of Curing Time on Conductivity. To deter- S
mine the minimum photocuring time required for curing, a %
series of 17 wt % samples (Sample S4) were prepared and
cured for 15, 60, 90, 120, 180, and 240 min. Each sample
was immediately submersed in water after the allotted cure
time to stop the photocuring reaction. Three samples
representing each curing time were cut and their proton
conductivity at room temperature was measured. As can be 4 .
seen in Table 2 there is only minimal improvement in 0 100 200 300 400 500 600
conductivity (0.03 to 0.05 S/cm) when the cure time is Temperature (°C)
increased .from 15 mln. t.o L5h. Cu”r.]g for longer than 1.5 Figure 6. TGA of Samples S1, S5, and pure S-PEEK (0, 31, and 100 wt
h has neither a positive or negative effect on proton o, s pegk, respectively).
conductivity.

3.3 Conformability. Thin films of each composition listed 3.4 Thermal Analyses.Thermogravimetric analysis was
in Table 1 were readily photocured into solid materials by used to determine the decomposition temperatures for pure
irradiation with 450 nm light. To illustrate that the poly- S-PEEK and the photocured films. Figure 6 shows thermo-
electrolyte solutions can be photocured into unique shapesgrams for 0, 31, and 100 wt % S-PEEK samples (S1, S5,
a sample was cured in a V-shaped mold, see Figure 5a, whichand S-PEEK, respectively). All films show anl0 wt %
was constructed from soft rubber. The liquid was poured decrease between 50 and 2@due to loss of residual water.
into the mold, the excess overflow was removed with a Desulfonation commences at 3% for pure S-PEEK which
casting knife, and the polyelectrolyte was cured in the UV is consistent with literature values for S-PEEK of similar
chamber at 450 nm for 1 h. A photograph of the cross section |EC.® Decomposition of the pure host polymer and the 31
of the cured electrolyte in the mold is shown in Figure 5b. wt % S-PEEK semi-IPN begins at 291 and 268G,
Although the electrolyte fills the gap entirely there is notice- respectively. The combination of host and guest causes the
able shrinkage upon curing as can be seen by the concavitysemi-IPN to decompose at lower temperatures than each of
on top of the sample. Little change in shape and/or concavity the separate components. This has also been observed in
is observed after soaking the sample in water for several composite materials where an interaction exists between
days. functional groups on the component polym&rsor instance,

To illustrate that the polyeletrolyte can be spatially cured it is speculated that a pseudo-hydrogen bond between the
a sample was spread (70-um thickness) onto a glass slide, C—H groups on PVDF (polyvinylidene fluoride) and the
which had been rendered opaque by spray painting blackC=0 groups on PVP (poly(vinylpyrrolidone)) catalyzes the
on one side, and the copper mask, shown in Figure 5c, placedhermal decomposition of PVDF/PVP composites leading to
overtop. The slide was then cured for 15 min and the uncureda decrease in observed decomposition temperature. A similar
monomers were washed away with methanol. The resulting
imaged film is shown in Figure 5d. (15) Chen, N.; Hong, LSolid State lonic2002 146, 377—385.

80 A

70

—— 0 wt% S-PEEK (S1)
....... 31 wt% S-PEEK (S5)
50 - — — Pure S-PEEK
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Table 3. Thermal Properties of Samples S1, S5, and Pure S-PEEK method overestimates the number of protons available for

(0, 31, and 100 wt % S-PEEK, Respectively) Conductivity
sample S-PEEK content (Wt %)  Td (°C) T4 (°C) A more appropriate estimation of the free protonic carrier
s1 0 291 concentration in these films is tiedfectve IEC (IECE), i.e.,
S5 31 263 195 ; ; ; ;
o PEEK 100 31 Lo8 mmol of dissociated Hin water swollen films per gram of

dry polymer. To calculate these values the assumption is

argument can be made here in regards to the decrease#nade that sulfonic acid of S-PEEK is fully dissociated. Thus,
thermal stability observed for the semi-IPN materials, i.e., the proton concentration due to the dissociation of S-PEEK
degradation is facilitated by pseudo-hydrogen bonding ¢an be estimated according to eq 3

between the carbonyl group on S-PEEK and theOP-H
group present on VPA.

DSC measurements were used to determine glass transition
temperatures for the 0, 31, and 100 wt % S-PEEK samples,
listed in Table 3. S-PEEK exhibits a cledy at 198 °C whereW; is the sample dry weight (mgyV%s_peek is the
consistent with the literatufgFor the 31 wt % S-PEEK semi- We|ght percent S-PEEK in the Samp|e, I?—@EEK is the ion
IPN there appears to be a very subfigat about 195°C. exchange capacity of S-PEEK (mmol/g) determined by
For the O wt % S-PEEK, pure host polymer, no clégcan titration, andV,, is the wet sample volume (&n [H*] for
be seen. Two possible explanations exist: (1) eitheffthe  the 0 wt % S-PEEK was determined using the autodisso-
is broad and the DSC method is not sensitive enough to cjation of water at neutral pH. The corresponding fraction
detect it, or (2) theTy is located above the decomposition  of undissociated VPA and dissociated VPA, due to both the

temperaturer. More detailed thermal characterization of first and second dissociation, are approximated using egs 4'
this polymer is currently underway. 5, and 6.

3.5 lon Exchange Capacity.In an electrolyte that con-
tains only strong acid groups that fully dissociate in water, Degree of undissociated VPAL, ey =
such as —SO;H (pK, ~ —0.6), the theoretical IEC, 42
IEC"e, may be calculated simply from knowing the propor- [H]
tion of sulfonic acid sites within the polymer. This value, [H']?+ [H']-Ka, + Ka,"Ka,
termed degree of sulfonation (DS), is defined in eq 1 and
can be determined by integrating #tNMR spectrum. The ~ Degree of first dissociatione,py- =

. . exp
Wd V\p/OS—PEEK I ECS—PEEK

+—
(H]= V,,+1000

®3)

DS of S-PEEK used in this study is 74%, and the ion Ka,-[H']
exchange capacity, IE€® ([mmol SQH units]/[g dry s +1 (5)
polymer]), determined using ed®was calculated to be 2.04 [H']"+ [H7]-Ka, + Ka,-Ka,
mmol/g.
Degree of second dissociationyypy,- =
B (molar no. of the PEEK SO,H unit) Ka,-Ka, 5
(molar no. of the PEEKSG;H unit) + [H']? + [H']-Ka, + Ka,*Ka, ©)
(molar number of the PEEK unit)
theo 1000DS Except for films which contain no S-PEEK (Sample S1),
IBC =288+ 102DS 2) awpa?” was calculated to be negligible<(07). IEC"

values for cured polyelectrolyte films were calculated ac-

The IECM° and the IEC determined by titration, IEG, cording to eq 9 using the contributions from S-PEEK and
usually agree very well, when all the protons are accessible VPA, calculated using eq 7 and 8, respectively, and are
to titration. This is the case for S-PEEK, for which IB€  included in Table 2. For comparison, IE€values deter-
was found to be 2.14 mmol/g compared to anfE®f2.04  mined by titration, are also included.
mmol/g, as listed in Table 4.

In principle, in blends of S-PEEK, IE®° can be deter- IECY ek = (Wg_pee IECE® L)) (7
mined from the S-PEEK mass fraction in the blend. How-

ever, in the present case a weak diprotic acid, vinylphos- Wo%,,
i i 16 i IECS =« —_VPA__ (8)
phonic acid (Ka1 =~ 1.70, Ka2 ~ 7.10), is mtroduceqllas' a PA ™ THIVPA | MW,-100
second proton source. According to aelthse equilibria
theory the fraction of weak acid that dissociates to release
y IEC® = (1ECSM, + IECE" ) 9)

charge-carrying protons is dependent on the acid concentra-
tion. In the presence of the strong sulfonic acid of S-PEEK,
a large fraction of the weak acid is calculated to be
undissociatedralthough still titratable. Thus, since titration
registers all protons, dissociated and undissociated, this

whereW%;pa is the weight percent of VPA, andWpa is
the molecular weight of VPA (mol/g).

IEC®" values are observed to be much lower than the
corresponding values obtained by titration, confirming that

(16) Dictionary of Organic Compoundsth ed.; Chapman and Hall: New _titration is _an inappropr_iate teChnique for evaluating systems
York, 1982. incorporating weak acids.
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Table 4. Effect of S-PEEK Content on Properties of Photocured Film, Samples S1S5

water

S-PEEK  VPA  (IEC®fs pgey)? (IEC#fypa)¢  (IEC®ffg)d  (IEC™P)E  content A ([H20)/  [HT]f o9
sample  (wt %) (wt %) (mmol/g) @HvPa)y-)° (mmol/g) (mmol/g) (mmol/g) (wt%) [acid site]) M (S/cm)
S1 0 19 0.56 0.98 0.98 1.14 54 37 0.015
S2 4 17 0.09 0.34 0.54 0.63 1.94 46 34 0.30 0.015
S3 8 17 0.17 0.19 0.28 0.45 1.98 44 29 0.23 0.023
S4 17 15 0.34 0.13 0.18 0.52 231 66 35 0.21 0.040
S5 31 13 0.61 0.06 0.08 0.69 212 58 37 0.36 0.070
S-PEEK 100 0 2.04 214 2.14 36 15 1.52 0.066

a Contribution of S-PEEK to IE€" calculated using eq . Using eq 5. Contribution of VPA to IECGH, calculated using eq 8.IECe, calculated
using eq 9¢ Determined by titration’ Based on free proton concentration calculated using eq 1Wet” films measured at 23C. " IEC"®, calculated
using eq 2.

Once |IEC™ is calculated, the total proton concentration,

[H 7o, taking into account all dissociated protons can be %7 s Contribution by VPA
calculated using eq 10 0.8 - —@— Contribution by S-PEEK
—=— Total IEC*"
it 0.7 4
(IEC*-WV,) o
[H +] Total = W (10) g 0.6
£ 05
=}
whereW, andV,, are the dry weight (mg) and the wet volume & 41
(cm?) of the sample, respectively. 03
3.6 Effect of S-PEEK Content on Photocured Compo- 02 4

sition Membranes. Samples StS5 were prepared to
determine the effect of varying the S-PEEK content in the
films while maintaining a constant ratio between the host
polymer components. The upper limit for S-PEEK content S.PEEK Content (wi%)

is 31 wt % S-PEEK, which is the limit of S-PEEK solubility i ,

. . Figure 7. Contribution of S-PEEK and VPA to IEf as a function of
in the mixture of monomers. S-PEEK content, Samples S$5.

The mechanical properties of the films vary greatly across
the series and depend on both the S-PEEK content and
hydration level of the semi-IPN. When wet, films with low .|
S-PEEK content are very brittle and break easily, whereas X P
high S-PEEK content films are much more flexible and _
robust. When dry, membranes containing a high content of%
S-PEEK are slightly more flexible than those containing low f

content, although generally all dry membranes crack easily. §
IEC, proton conductivity, and water content data are shown & s, |
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in Table 4. For purposes of comparison, values of 1EZ,
and [H'] are listed in Table 4. The experimental value of el 28
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As the S-PEEK content is increased (from 0 to 17 wt %)
IEC®* drops. Upon a further increase (from 17 to 31 wt %) S-PEEK Content (wt%)
IEC" increases. This trend is explained by considering the £9" & Effect of S-PEEK content on#D content and, Samples St
separate contributions of S-PEEK and VPA. The contribution
to IEC* from S-PEEK, calculated based on the degree of (36.2 wt % HO, A = 15) due to their having a larger
sulfonation and S-PEEK content in the semi-IPN, increases percentage of hydrophilic groups compared to pure S-PEEK.
linearly from 0.00 to 0.61 mmol/g with S-PEEK content (see  Even without S-PEEK present the host polymer exhibits
Figure 7); whereas the contribution to IECfrom VPA a measurable conductivity (0.015 S/cm) because of the
decreases nonlinearly from 0.98 to 0.08 mmol/g over the presence of the secondary proton source, VPA. A minimum
same S-PEEK content increase. Because these two opposingf at least 8 wt % S-PEEK is required for any further increase
trends do not occur at the same rate there is a nonlinearin conductivity as shown in Figure 9. Above 8 wt %,
relationship between total IE€and S-PEEK content. conductivity increases linearly with S-PEEK content up to

In addition to there being no clear relationship between a value of 0.07 S/cm for the 31 wt % S-PEEK semi-IPN.
IEC®*® and IECM°, Figure 8 shows that there is no clear An interesting observation is that the proton conductivity
relationship between S-PEEK content and water content (norof the 31 wt % S-PEEK semi-IPN is identical to the
A). The only thing to note is that the water contents and  conductivity of the S-PEEK homopolymer, 0.07 S/cm,
values are much higher for the semi-IPN materials{(88 particularly since the [H] within the samples is quite
wt % H,0O, A = 29—37) than for the pure S-PEEK materials different, 0.36 M vs 1.52 M. Since the contribution of VPA
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Table 5. Effect of Cross Linking/DVS Content on Photocured Semi-IPN Films

DVS2content  (IEC®fs_pggy)P (IECefypa)d  (IECfoa)®  (IECEP)f  water content A ([H20]/ oh
(wt %) (mmol/g) @rHvPay)© (mmol/g) (mmol/g) (mmol/g) (wt %) [acid site]) [H+]9M  (S/cm)
S6 18 0.52 0.08 0.07 0.59 2.18 55 31 0.93 0.056
S7 25 0.52 0.07 0.06 0.58 1.99 49 27 1.00 0.048
S8 32 0.52 0.07 0.06 0.58 1.80 45 25 0.94 0.035
S9 41 0.52 0.06 0.05 0.56 1.47 35 20 0.94 0.025

aFor full composition see Table 2.Contribution of S-PEEK to IE€ calculated using eq 7.Using eq 59 Contribution of VPA to IECH, calculated
using eq 8¢ IEC®, calculated using eq 9Determined by titration9 Based on free proton concentration calculated using e “Met” films measured at
25°C.
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Figure 9. Effect of S-PEEK content on proton conductivity andH Figure 10. Effect of DVS content on proton COndUCtiVity aﬁdSampIeS
content, Samples S1S5. S6-S9.
to the free proton concentration is calculated to be negligible
for this particular semi-IPN, this observation is believed a A
direct result of the highek value (37) and water content 08\ — 117
(58 wt %) in the semi-IPN film compared to the pure O 31 wi% S-PEEK Compasite (85)
S-PEEK (36.2 wt % KO, A = 15). 06

3.7 Effect of Cross-Linker (DVS) on Photocured Semi- &
IPN Membranes. Semi-IPN films S6-S9, containing vary- =
ing amounts of divinyl sulfone, were prepared to determine
the effect of the cross-linker content on the physical
properties of the semi-IPN films. To maintain a similar ion 02 1
content throughout the series, the acrylonitrile content was
decreased proportionally as the DVS content was increased. .
This provided a series of films possessing an S-PEEK content ™ | 20 40 A % 100 120
of 26 wt % and VPA content of 9 wt %. Results of IEC, 1 (mAVem?)
proton ponductlvny, and water content mee}surements areFigure 11. Fuel cell polarization curves for Nafion 117 and Sample S5
shown in Table 5. For purposes of comparison, €@, (31 Wt % S-PEEK).
and [H"] have been calculated and are included in Table 5.

The mechanical properties of the photocured semi-IPNs inaccessible to titration. As a direct result of this more
are similar across the series for both wet and dry membranescompact structure, the semi-IPN conductivity decreases from
All membranes are fairly robust when hydrated but brittle 0.06 to 0.03 S/cm as DVS content increases, Figure 10.
when dry. 3.7 Fuel Cell Evaluation. Preliminary fuel cell studies

Since the ion content is the same across the series, thevere performed to evaluate the semi-IPN membranes as
contribution to IEC from S-PEEK and VPA, and hence possible electrolytes for use in room-temperature fuel cells.
overall IEC total, is approximately the same for all semi- The cold contact formation of MEAs and unhumidified gas
IPN membranes. Given this, it might be expected thaffEC  flow operating conditions were chosen to mimic fuel cell
measured by titration, should be constant. However, as theconditions of the intended application. Polarization data,
DVS content is increased from 18 to 41 wt %, IEC Figure 11, were recorded once the cell had reached an open
decreases from 2.18 to 1.47 mmol/g. The water content alsocircuit voltage (OCV) of at least 0.75 V. When compared
decreases from 54.9 to 34.8 wt % as a result of increasingwith N117, the S-PEEK semi-IPN (S5) shows higher
the DVS content, Figure 10. This decreased water contentperformance in the kinetic regior-(.7 V), which may be
is perceived due to a more cross-linked compact structure,explained by (i) a higher OCV, and (ii) a higher solubility
which has less room to incorporate additional water mol- of O, at the interface. Further studies are necessary to
ecules, and may render a fraction of the acidic sites accurately interpret this result.
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Lower current density of the S-PEEK semi-IPN at low Mechanical properties of these materials are directly
cell potential is usually due to a decrease in the massrelated to the composition of the host polymer and the weight
transport of @ in cathode and/or an increase in Ohmic percent S-PEEK ionomer present. In general, materials
resistance arising from membrane dehydration at the anodecontaining low amounts of S-PEEK tend to be brittle and

This fuel cell data shows that the cured semi-IPNs are difficult to work with, whereas materials with high quantities
reasonable candidates for further study, but much more workof S-PEEK are more flexible and robust.
is required to optimize conditions to obtain good perfor-  Properties such as water conteht,[H*], and IEC are
mance. not linearly related to S-PEEK content, however conductivity

is improved as S-PEEK content is increased. The degree of
3. Conclusions cross-linking, as controlled by the DVS content, has a

A series of novel photocurable liquid conformable polymer Significant impact on water content, and conductivity.
electrolytes have been prepared. The liquid polyelectrolytes Preliminary fuel cell studies show promise for photocured
are transformed into solid semi-IPN films by spreading the PEM use in room-temperature fuel cells. Further studies
liquid onto a glass substrate and UV-curing. including MEA optimization for H/air fuel cells are currently

Physicochemical properties of the films have been studied Underway.
to understand the role of composition on proton conductivity.
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