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Synthesis and Characterization of Poly(m-tolyloxy-co-4-
pyridinoxy phosphazene)s and their Application as Proton

Exchange Membranes
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Yunus Karatas*®

A novel set of polyphosphazenes are synthesized to produce
three polymers with varying side group ratios for proton
exchange membranes. The designed heterosubstituted poly-
mers here are the rare examples of polyphosphazenes of this
kind to serve as proton exchange membranes with optimized
structural stability and high temperature ionic conductivity.
High quality polyphosphazenes with narrow polydispersity and
rather low T, values were prepared. These poly(m-tolyloxy-co-4-
pyridinoxy phosphazene)s are sulfonated under a range of

Introduction

Polymers with the ability of exchanging protons or conducting
protons are an emerging class of materials for various
applications. For instance, proton exchange membranes (PEMs)
are utilized as both solid electrolytes and separators for fuel
cells. Today the most extensively used PEMs for polymer
electrolyte membrane fuel cell (PEMFC) are perfluorosulfonic
acid membranes such as Nafion® membranes which reveal
desirable properties including high proton conductivity, me-
chanical strength, chemical/thermal resistivity and reasonably
low water swelling."" However, there are several drawbacks of
Nafion® such as high cost, limiting operating temperature
(below 90°C) and problems associated with transport of water
(high osmotic drag) and fuel (e.g., methanol).”’ In this context,
alternative PEMs specifically designed for use in fuel cells are
still needed to be improved in line with these expectations.
Aside from the fully and partially perfluorinated ionomers and
their modified counterpart, a series of other polymers have also
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conditions and characterized in order to investigate the
synergetic effect of the heteroatom on the proton conductivity
of the proton exchange membranes. The effect of sulfonation
temperature and time on the fuel cell relevant properties is
also investigated. Hydrolytically stable proton exchange mem-
branes with high thermal and chemical stabilities are achieved.
Additionally, resultant membranes exhibit proton conductivity,
IEC and water uptake values comparable with commercial
Nafion® membranes.

been greatly investigated. Such examples include non-fluori-
nated hydrocarbons,” acid-base complexes,”” inorganic-organic
hybrid membranes,® radiation grafted membranes, etc. None-
theless most of these membranes do not possess ionic
conductivity like Nafion® and therefore, acid moieties have to
be integrated in order to introduce acidic functionality and
hydrophilicity.

In the recent years it became evident that inorganic-organic
materials such as polyphosphazenes could function as mem-
branes and numerous attempts to investigate its functionality
are ongoing. Polyphosphazenes with inorganic —P=N— back-
bone are a potentially a useful class of base-polymers to serve
as PEMs because of their thermal and chemical stability. The
backbone is particularly stable to free-radical skeletal cleavage
reactions. Pintauro etal. reported an impressive chemical
resistivity of polyphosphazenes in peroxide solution at 68°C.”)
Moreover the ease of functionalization by attaching various
aliphatic and/or aromatic side chains enables the synthesis of
co-substituted polymers, thus a wide range of structures with
improved properties can be designed to fulfil the major
drawbacks seen in traditional membranes.”! Bulky side groups
also protect the backbone under aggressive conditions at the
electrode interfaces of fuel cell, thus in general, any polyphos-
phazene containing bulky aromatic groups can be suitable to
serve as PEMs.

Reports on the polyphosphazene based PEMs revealed two
general approaches for the preparation; first one includes direct
synthesis of PEMs via sulfonated group containing aliphatic®® or
aromatic substituents,"” the second one involves the sulfona-
tion or phosphonation of aryl groups containing
polyphosphazenes.”'" Although the former method provides
more controlled polymer architecture, the latter is preferred for
easiness and flexibility. The first example of this group was
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(aryloxy)- and (arylamino)- polyphosphazenes sulfonated via
concentrated  sulfuric acid associated with  polymer
degradation."’™ Monteneri etal. reported the reaction of
(aryloxy)polyphosphazenes with sulfur trioxide with no detect-
able degradation."™ This degradation was mainly observed
for polyphosphazenes with phenoxy side groups but not with
especially methyl containing aromatic substituents. In terms of
sulfonation degree, conductivity and cross-linking properties,
poly(bis(m-tolyloxy phosphazene)) was reported to be the
optimum candidate among the investigated polyphosphazenes
as PEM," showing even superior properties to traditional
Nafion®.[7b'”d]

Although these polymers fulfill most of the requirements as
a PEM, they still suffer from dehydrating at above 80°C and
recent studies concentrate on the effect of heteroatom
especially nitrogen containing additives or polymer architec-
tures like polyimides" or polybenzimidazoles"” to preserve
the ionic conductivity at higher working temperatures, i.e.
100-140°C. Among the various studies on polyphosphazenes,
there is no example of polyphosphazenes with nitrogen or
other heteroatom containing substituents for this purpose. In
fact, best to our knowledge, neither the synthesis of poly(bis(4-
pyridinoxy)phosphazene) nor the preparation of PEMs based
on poly(bis(4-pyridinoxy)phosphazene) has been reported in
the literature previously. The only example included the use for
the synthesis of a chiral polyphosphazene copolymer."™ More-
over, the several polyphosphazene derivatives were reported
for their potential use as PEMs previously yet their ex-situ fuel
cell relevant properties were not reported in literature.

In our study, the facts that the focus of the recent studies
on the heteroatom containing polymer architectures as PEMs
and the optimum polyhosphazene structure investigated up to
now are combined. For this purpose, the synergetic effect of
nitrogen containing side groups is targeted and the systematic
syntheses of polyphosphazenes co-substituted with m-tolyloxy
and 4-pyridinoxy side groups with varying amounts were
aimed. The design of the polymer structure based on m-
tolyloxy side groups as this gave the optimum PEM
properties”™""'¥ and cosubstitution was completed with 4-
pyridinoxy side groups with the hope to ensure reasonable
ionic conductivities at higher working temperatures. Moreover,
these polyphosphazenes comprises the first examples of this
kind because not only they are novel but also specially
designed to be used as PEMs. The targeted polyphosphazenes
were synthesized and characterized in detail. Moreover, PEMs
based on these polyphosphanes were fabricated at different
sulfonation conditions and investigated for ex-situ and fuel cell
relevant properties.

]

Results and Discussion

Synthesis of Monomer (trichloro-(trimethylsilyl)
phosphoranimine) and Precursor Polymer (poly(dichloro
phosphazene))

For the synthesis of precursor polymer, ambient temperature
living cationic polymerization of the monomer with PCl; as
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initiator was used (Scheme S1). The monomer to initiator ratio
was 350:1 and since two initiators were used for a complete
polymer chain, statistically polymer chains with 700 repeating
units were expected. This method is particularly favored to
other classical thermal ring opening polymerization as it allows
the controlled molecular weight with high purity and a narrow
molecular weight distribution (PDI below 1.5). The detailed
explanations for the syntheses of monomer"® and precursor
polymer” can be found elsewhere.

Synthesis of Poly(m-tolyloxy-co-4-pyridinoxy phosphazene)s
(P1, P2, P3)

The polymerization of the poly(m-tolyloxy-co-4-pyridinoxy
phosphazene)s with varying m-tolyloxy- and 4-pyridinoxy-
substituents (Scheme S2) was performed via macromolecular
substitution. Mixed substituent polyphopshazenes were syn-
thesized by sequential macromolecular replacement of chlorine
atoms in PDCP with required amount of sodium m-tolyloxide,
followed by the addition of slight excess of sodium 4-
pyridinoxide to yield the fully substituted P1, P2 and P3.
Although less bulky nucleophiles like aliphatics can be reacted
with PDCP at lower temperatures, the bulky aromatic sub-
stituents requires more forcing reaction conditions to maintain
the complete replacement of chlorine atoms. The attempt of
reacting excess sodium aryloxide with PDCP in THF, for
example, resulted in only partial substitution of precursor
polymer and longer reaction time did not help for this case,®
however higher boiling dioxane as the solvent ensured the
completeness of the macromolecular substitutions.

Polymers with varying m-tolyloxy- and 4-pyridinoxy- sub-
stituents (P1, P2 and P3) were prepared in order to investigate
the synergic effect of heteroatom on the conducting properties
of the PEMs. 4-hydroxypyridine was chosen for this purpose
and the syntheses of polymers with 10% (P1), 20% (P2) and
30% (P3) 4-pyridinoxy- substituents in total were aimed so that
statistically 40% (P1), 60% (P2) and 80% (P3) of repeating units
on the polymer chains contained heteroatom (Scheme S2).

Sulfonation of Poly(m-tolyloxy-co-4-pyridinoxy
phosphazene)s (P1, P2, P3)

Sulfonation serves to promote the proton conductivity of
membranes by addition of sulfonic acid groups. Depending on
the polymer in context different sulfonation agents such as
chlorosulfonic acid, fuming sulfuric acid, concentrated sulfuric
acid, and sulfur trioxide complexes may be utilized.

In this study, we employed three different sulfonation
methods named as chlorosulfonic acid, mild concentration
sulfuric acid sulfonation and concentrated sulfuric acid sulfona-
tion to sulfonate the poly(m-tolyloxy-co-4-pyridinoxy
phosphazene)s. Mild concentration sulfuric acid sulfonation
(0.1-0.2 M sulfuric acid) yielded membranes with no signs of
dissolution and after rinsing it was observed that membranes
hardened and became brittle. Proton conductivity and FT-IR
studies of these membranes showed insignificant proton
conductivity and weak signal of side groups resulted in
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discarding of mild concentration sulfuric acid sulfonation

method. HSC CHS
Other attempts included use of chlorosulfonic acid since
previous works" reported successful sulfonation of polyphos-
phazenes using chlorosulfonic acid to produce membranes
o)

with promising fuel cell characteristics. However, our attempts

in this work for the sulfonation of our polymers by chlorosul- |

fonic acid did not achieve a rigid form. The sulfonated products %P

were observed to be robust and underwent dissolution during O (@)

the preconditioning stage that followed the sulfonation. The a a'

robustness was due to the crosslinking that resulted in f b & b'

incorporation of the sulfonyl chloride group to the aromatic

structure.®® It is thought that the crosslinked compound /@

entered into reaction during the preconditioning stage thereby H3C e d N

resulting in dissolving of the products. Moreover any residual g

acid may have aggressively reacted with water and decom-

posed. Triggering an attack on the polymer backbone and by

doing so, contribute to the hydrolysis of the sulfonated

products. This behavior is in agreement with some reports in cDCI3

the literature which suggested that polymer degradation and

crosslinking are the major problems associated with sulfonation b+c

using strong agents like chlorosulfonic acid and 100% H,SO,.?" /
We determined that concentrated sulfuric acid (97 %) d+f

sulfonation much more successful than the other two methods
(mild sulfuric and chlorosulfonic acid as explained above) in \
terms of lower degree of crosslinking. While P1 polymer gave —» b
P1 I

A\Y

some promising results P2 and P3 polymer did not perform c'
well. The amount of the 4-pyridinoxy- substituents were
generally slightly higher and this increase in nitrogen in the
structure resulted in extreme attack by the sulfonating agent
increasing the dissolution of the P2 and P3 products. Although
the backbone nitrogen is protected from hydrolysis by the

bulky side groups the nitrogen at the pyridinoxy side group
may have succumbed to attack. Its electronegative nature
attracts hydrogen from surroundings therefore increasing

:
:

P2 )

hydrophilicity of the membranes. h
At this point of our study, we established that only P1
could be sulfonated and the results of sulfonated membranes

presented hence forth will only constitute that from this
polymer.

Characterization of Pristine and Sulfonated Poly(m-

tolyloxy-co-4-pyridinoxy phosphazene)s (P1, P2, P3) ”
The compositions of the target polymers were determined

using 'H and *'PNMR spectra. Figure 1 shows the stacked [T T T T T T T
1 .

HNMR spectra of the ta.rget polymers and the as§|gned 9 8 7 6 E 4 3 2 1 0
polymer structure. The assignments were done according to

the NMR spectra of the substituents and the varying signal fi(ppm)

intensities of the polymers. First of all, there was no alcohol

signals of the substituents expected to be seen around 5 ppm,

indicated that there were no residual left in the polymer. The  Figure 1. Stacked 'HNMR of poly(m-tolyloxy-co-4-pyridinoxy phosphazene)s
polymer spectra were normalized to the signal of the m- (P1, P2, P3).

tolyloxy that was assigned as g. As the amount of 4-pyridinoxy-

substituents gradually increased from P1 to P3, the intensities

of its signals assigned as b’ and c’ increased as expected. Inthe as b, ¢, d and f overlapped with the signal of 4-pyridinoxy-
'HNMR spectra, the almost all signals of m-tolyloxy- assigned  assigned as b'. Fortunately, the methyl signals (assigned as g)

ChemistrySelect 2022, 7, e202103650 (3 of 10) © 2022 Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemistrySelect doi.org/10.1002/slct.202103650

of the m-tolyloxy- and the signals of 4-pyridinoxy- assigned as
¢’ could be clearly observed. Thus, these bare signals could be
used to calculate the polymer compositions and the mol
percentages of m-tolyloxy- substituents were found to be 84 %
(P1), 72% (P2) and 61% (P3). However, *’PNMR signals are
more accurate for this purpose as they do not interfere with
the other atoms.

*'PNMR of the precursor polymer and the target polyphos-
phazenes gave more significant results in terms of substitution
pattern and the completeness of the macromolecular replace-

CH5 CHa

CH5

P1

P2 o)
O z

P3 N
T . I % T
-20 -25
f1 (ppm)

<15

Figure 2. Stacked *'PNMR of poly(m-tolyloxy-co-4-p1yridinoxy
phosphazene)s (P1, P2, P3).

ment. The stacked spectra of the polyphosphazenes are given
in Figure 2.

First of all, the disappearance of the single sharp peak of
PDCP at around —18 ppm was accompanied by the expected
two relatively broad signals of the synthesized polyphospha-
zenes at around —19 ppm ppm and —21 ppm. This showed the
complete replacement of the chlorine atoms of the precursor
polymer. The substitution patterns of the target polyphospha-
zenes were calculated from these peak integrals (Table 1). The
signal at around —19 ppm was assigned for the repeating units
fully substituted by m-tolyloxy- (denoted by “x”) and the
intensity of this signal decreased from P1 to P3 as the ratio of
this substituent decreased. The signal at around —21 ppm was
assigned for the mixed substituted repeating units (denoted by
“y") and the intensities of this signal increased gradually as
expected from P1 to P3 as the amount of 4-pyridinoxy-
increased. The small signal at around —23 ppm not shown in
P1 but shown in P2 (3% contribution) and P3 (8% contribution)
was attributed to repeating units fully substituted by 4-
pyridinoxy- (denoted by “z"). Although statistically not ex-
pected, this would be due to some unreacted fully chlorine
substituted left in the initial stage of the substitution displaced
fully with 4-pyridinoxy- groups or probably due to partial
replacement of m-tolyloxy- substituent by the excess 4-
pyridinoxy- during the final stage of the substitution. The
polymer compositions were calculated by taking these three
signals into consideration and are listed in Table 1. The
calculated polymer compositions were quite close to the target
polymer compositions. The amount of the 4-pyridinoxy-
substituents were in general slightly higher than expected and
these results were in accordance with the explanation above.
The NMR spectrum of P1 membranes sulfonated at room
temperature is shown in Figure 3 below. A decrease in the
signals corresponding to b, ¢, d and f and the splitting of these
signals was a clear indication of SO;H integration at the tolyloxy
side group. The newly introduced SO;H group induces steric
hindrance thereby resulting in the number of neighbouring
hydrogens and also the number of signals increasing. More
signals can now be observed downfield as a result of the
deshielding of these protons. However sulfonation carried out
at longer durations revealed disappearance of signals an
outcome resulting from the degradation of the structure.

There were observable structural changes between the
pristine and membranes sulfonated under different conditions
as portrayed from Figure 3 and 4. A new peak which could be

Table 1. The results of poly(m-tolyloxy-co-4-pyridinoxy phosphazene)s (P1, P2, P3).

Target Polymer Composition Polymer Composition®

Sample  m-tol (mol %) 4-pyr (mol %)®  m-tol (mol %)®  4-pyr (mol %) Isolated Yield® M, m, @ MM T

P1 80 20 82 18 100 638,200 699,200 1.10 —-16.2
P2 70 30 68 32 98 550,400 719,200 1.31 —14.0
P3 60 40 58 42 97 1,391,000 1,564,000 113 —10.5

[a]l m-tol = m-tolyloxy- side chain. [b] 4-pyr = 4-pyridinoxy- side chain. [c] Determined by *'P NMR. [d] Determined by GPC (eluent=THF, polystyrene

standards). [e] Determined by DSC.
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Figure 3. Stacked 'HNMR spectra of sulfonated membranes at RT. Sulfona-
tion time (min); A:30, B: 45, D: 90, E:120.
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Figure 4. Stacked 'HNMR spectra of sulfonated membranes at 65 °C.
Sulfonation time (min); F:15, G:30, H:45.

attributed to the SO;H for both room temperature and
sulfonation done at 65 °C is clearly seen.

Possibilities of backbone degradation for severe sulfonation
conditions could not be under estimated and were checked
using the *'PNMR as shown in Figure 5 below. The broadening
in the peaks is an indication of the overall backbone
degradation that is occurring in the membranes. The decreased
intensities in the NMR spectra also showed how aggressively
the m-tolyloxy side group (denoted by “x”) was attacked. This
finding is in agreement with model described by Gleria® who
found that under harsh sulfonation conditions polyphospha-
zene backbones do undergo degradation as a result of SO,
attack. New signals at around 10 ppm may be associated to the

ChemistrySelect 2022, 7, €202103650 (5 of 10)

f1 (ppm)

Figure 5. Stacked *'PNMR showing backbone degradations for harsh sulfona-
tion conditions for membranes, J and K.

P—O—H related products resulting from attack of the backbone
by hydrolysis.

The representative FT-IR spectrum of P1 with the character-
istic signals of both inorganic polymer backbone and the
substituents and together with different sulfonated membranes
were shown in Figure 6 below. No evidence was found for the
presence of —OH units around 3500 cm™' and P—O-H units
between 2100-2500 cm™', which could be the result of
hydrolysis of the precursor polymer during substitution reac-
tions. Moreover, the disappearance of the P—Cl stretching of
the precursor polymer in 1300 cm™ and the appearance of
P—O—C aromatic stretching in 1226 cm™ supported that the
macromolecular substitution reactions were complete.

(a) (c)

Transmittance (a.u)
Transmittance (a.u)

2000, 1800 S16007 7400; 32000 1000 BoO. 60O 2000 1800 1600 1400 1200 1000 800 600
el
Wavelength cm em™1

3

(b) W(d)
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P e

%

e SRS
——FPI=—F=—=G—H
—E—D—C—B—A—0P1
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wavelength em™! Wavelength cm®!

Figure 6. The FT-IR of sulfonation for different durations at a) 65°C b) RT.
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The typical P=N stretching around 1240 cm™' (appeared as
a shoulder of the strong P-O—C stretching) and the 777 cm™'
was assigned for the polymer backbone.

Relatively weak P—O-H stretching between 2100-
2500 cm™' showed that the polymer backbone was rather
protected by bulky substituents and no extensive chain
cleavage occurred under highly aggressive conditions of
sulfonation. These results are in accordance with the *’PNMR
interpretations for Figure 5. The appearance of the new signal
around 1300 cm™' was attributed to the asymmetric 0=5=0
stretching that is an indication of sulfonic acid integration.
Sulfonation processes carried out at higher temperatures and
longer durations also exhibited doublet peaks at around
2350 cm ™! which was associated with the P—O—H. It is seen that
the intensities of the O=S=0 peaks increases as the duration of
the process increases (from F to H in Figure 6(a) and from A to
E in Figure 6(c)), a trend which is expected because the
polymer interaction with the sulfonation reagents increases. It
can be assumed that longer timed sulfonation processes will
maximize the SO;H group integrated however it brings about
more hydrolysis attack to the polymer backbone as indicated in
Figure 6 above. Therefore a fine tune of the sulfonation
conditions is required.

Number and weight average molecular weights of the
obtained polyphosphazenes were estimated by GPC relative to
polystyrene. The results are listed in Table 1. The living cationic
polymerization with the monomer to polymer ratio of 350:1
implied a narrow molecular weight distribution and the
polymer chains of the polyphosphazenes ought to contain
around 700 repeating units (as two initiator species were used
per chain). This assumption mean the molecular weight should
be around 2x10° D, however much higher molecular weights
were estimated by the measurements. Although, the over
estimation of the molecular weight of the polyphosphazenes is
known, such a high molecular weight jump could be resulted
either from the loss of the initiator during the course of the
polymerization (as the monomer to initiator ratio increases, the
molecular weight increases but the narrow distribution is
maintained) or the partial crosslinking of the polyphosphazene
chains during the macromolecular displacement reactions due
to impurities mainly water (both the molecular weight and the
polydispersity increases).

The former explanation could be taken into account as the
molecular weight distributions of the polymers were estimated
to be very close to unity. No crosslinking was observed and the
polymers were soluble in common solvents like THF, dioxane,
chloroform.

The glass transition temperature (T;) of the synthesized
polyphosphazenes were listed in Table 1. They were all opaque
products with T, values around —20 to —10°C. The DSC
thermograms of the polyphosphazenes were given above in
Figure 7 The lowest T value was determined to be —16.2°C for
P1 (the highest m-tolyloxy- content) and increased gradually
with increasing 4-pyridinoxy- amount up to —10.5°C. This is in
good agreement with the fact that asymmetry of the
substituent decreases the T, values of a polymer. Although the
Ty value of the poly[bis(m-tolyloxy)phosphazene] was reported

ChemistrySelect 2022, 7, e202103650 (6 of 10)

(@)
=
£
=
El p3
3
i P2 A
®
Q
I O

"5 0 50 100 150 200 250 300

Temperature (°C)

(b)
_g E
=
§, K
; M
o
= A
[T
® QM
T

P1

50 0 50 100 150 200 250 300

Temperature (°C)

Figure 7. DSC thermograms of a) pristine polymers, P1, P2 and P3 b)
sulfonated P1 polymer’'s membranes.

to be —25°C® there was no record for the synthesis of
poly[bis(4-pyridinoxy)phosphazene] but the trend in the T
values of the cosubstituted polymers here implies a much
higher T, value for this polymer.

For most of the aryloxyphosphazenes were reported a T(1)-
type liquid crystalline transition and a melting temperature
around 300-350°C with a subsequent decomposition, however
mixed aryloxyphosphazenes were essentially amorphous elas-
tomeric-type materials with only glass transition at lower
temperatures due to the random disposition of the different
side groups.® Our polymers fall also in this type and showed
mainly secondary transition. Moreover, two endothermic peaks
were observed at higher temperatures. They could be
attributed to the packing of the aromatic groups at these
temperatures.

© 2022 Wiley-VCH GmbH
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The sulfonation process resulted in the polymers under-
going structural changes which affected their thermal proper- 100
ties. The thermograms in Figure 7 above depicted an increase
in the (T,). This increase is attributed to the restriction in the 90 -
polymer chains of the modified polyphosphazene polymers
usually induced by the intermolecular interactions by hydrogen
bonding which hinder rotations of polymers. The effects of
duration and temperature of sulfonation was investigated to

—=—A 30 min
—e—B_45 min
—e— C_60min

——D_90min

—eo—E_120min
—r—F"

100

90-

80-

Weight (%)
-J
o

determine optimum conditions. Very long time durations and 601
higher temperatures were seen to result in much higher T 504
values. This is in agreement with the literature®® since the 50-

polymer had a longer interaction with the reagent resulting in 40
more incorporation of the sulfonic acid group which is
responsible for causing an increase in the structural rigidity of

40
200 350 400 450

100 200 300 400 500 600 700

the polymer. As much as this property is desired, too much Temperature (°C)
sulfonation results in degradation of the mechanical
properties® and thus renders the membranes unsuitable for 100 -
the desired application.
Thermal stability of the polymers was examined by TGA 90

and the results reported in Figure 8 above. No decomposition
temperatures up to 300°C were determined for the polymers.
A two-step weight loss was observed from 47-148°C and 330-
520°C. They were attributed to the decomposition of the two

Weight (%)
-~
o

different side groups. The polyphosphazenes are considered to 60 '_
be inherently flame retardant due to the inorganic back bone, 50
thus the decomposition ended with expectedly high char yield

(around 40%). 40 -
In Figure 9(a) it was observed that the 1% stage mass loss
was not very pronounced and there was little observable
difference for the various sulfonation conditions as opposed to Temperature (°C)
graph 9b where the mass losses were distinct. This particular
region can be attributed to the water loss in the membrane.
Higher degrees of sulfonation were obtained from higher
temperature sulfonation which explains this behaviour. An
additional weight loss associated with SO;H dissociation
starting from around 240°C was also seen and this is in  sulfonic acid group integrated increases with increase in
agreement with the literature.”®* As observed, this mass loss  sulfonation time. In some instances, it was difficult to
seems to increase as the sulfonation time increases because  distinguish between the mass loss associated with the
evolution of water and that of the sulfonic acid groups possibly

as a result of their overlap and also due to low degrees of

(b)
100 200 300 400 500 600 700

Figure 9. TGA thermograms of P1 polymer’s membranes (a) RT (b) 65 °C.

100 ] ] | sulfonation. Additionally, residual masses were close to those
1 —o—P1 of the pristine polymer which is a good indication that
90 4 ! —a— P2 sulfonation did not deteriorate the membrane properties and

! ! —d—P3 that they possessed good thermal characteristics.
:\;‘ 80 : : Mechanical property is a significant parameter for the
o tunability of the structure-property-performance of fuel cell
S 701 membranes. However, coupling of both high modulus and
g 604 conductivity to produce suitable membranes remains a
challenge for most researchers. In this study, the temperature
50 4 dependence of the storage modulus (E') and loss tangent
(tan(d)) for representative samples (B, E and F) was studied and
40 + reported in Figure 10 (a) and (b). From the samples sulfonated
e e S e [ S P e at room temperature (B and E), B showed a higher modulus

100 200 300 400 500 600 700 . .

over the entire temperature range studied compared to E
Temperature (°C) which was sulfonated for longer durations. Sulfonation induces
structural rigidity in the polymer structure, however, extended
Figure 8. TGA thermograms of the pristine polymers, P1, P2 and P3. sulfonation durations may result in the degradation of the
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= 2000 —F temperatures yielded increasing IEC values which is agreement
e :E with the literature. Longer durations enabled longer interac-
E 1500+ tions of the polymer with the sulfonation agent thereby
Eo increasing the SO;H group integration. However, for the latter
g 1000+ it was observed that from 90 minutes and longer durations the
o IEC values decreased. Instead of the expected outcome where
% 500+ sulfonic acid group is integrated to the polymer these longer
(a) interactions between the polymer and the sulfonating agent
0+ may have resulted in degradation thus producing low I[EC
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Figure 10. The dynamic mechanical analysis of selected membranes (B:
45 min RT, E: 120 min RT and F: 15 min 65 °C). (a) Temperature dependence
of storage modulus and (b) loss tangent (tan 9).

mechanical properties® which affect the membrane conduc-
tivity as portrayed for sample B and E. On the other hand,
shorter sulfonation durations coupled with higher temper-
atures also yielded relatively high stiffness values as depicted
for sample F (comparable with B) in Figure 10 (a). From
Figure 10 (b), the measured samples demonstrate a glassy
behavior derived from the T characterized by the first peak of
the tan(d) graph. Presence of a second peak may suggest some
phase separation in the samples. Increased sulfonation time
and temperature shift the peak to the right an indication that
the T, increases which agrees with our earlier discussed DSC
results shown in Figure 7 (b). The increased values are ascribed
to the increased structural rigidity imposed from sulfonation
process.

The IEC of membranes is dependent on the sulfonation
conditions and number of SO;H groups integrated. Although it
does not give an indication about the distribution of the
exchange sites across the membrane thickness, it is important
in order to understand the total number of protons available
for conductivity. These protonic sites available on the SO;H
group is what later on forms an interconnected channel for ion
transfer through the various mechanisms explained in the

ChemistrySelect 2022, 7, €202103650 (8 of 10)

values. Comparisons into the two different temperatures
revealed that higher IEC values were easily achieved at higher
temperatures due to the increased thermal energy available for
the process. However, very high values are discouraged due to
the excessive swelling it cause in membranes.

Water uptake is also another very significant parameter for
fuel cell membranes as it directly influences the physico-
chemical properties of a membrane such as the proton
conductivity and the mechanical stability of a membrane.*
High IEC values usually promote high water uptake values
making the membranes highly hydrophilic and which may
sometimes result in hydrogel formation, something that is
highly undesired.”” It is for this reason that an optimum degree
should be achieved so that the membranes contain just
enough water uptake capacity to facilitate conductivity yet at
the same time maintain the mechanical stability during
functioning. The presence of nitrogen in the hetero-atomic
structure is expected to increase the water uptake capacity of
the fabricated polyphosphazene membranes. Table 2 below
shows the wide range of water uptake values for the
membranes fabricated in this study. Water uptake was seen to
increase for both cases of temperatures, however for 65 °C
sulfonation process the effect of both the temperature and
time resulted in a rapid increase than that observed at room
temperature. Both for the sulfonation at room temperature and
65°C it was observed that sulfonation processes for longer
durations had an increasing trend. This is expected due to the
increasing number of sulfonic acid groups being integrated
into the polymer. At durations longer than 90 minutes
however, room temperature sulfonation showed a downward
trend which agrees with previous discussions. Although we

Table 2. The effect of different sulfonation conditions on IEC, degree of
sulfonation, water uptake and proton conductivity of membranes.

Sample IEC (meq/9g) DS Water uptake Conductivity
Name (%) (%) (mS/cm)
A 041 10.60 17.40 39

B 0.50 13.15 26.10 22

C 0.53 13.94 28.20 35

D 0.23 5.84 9.60 0.033

E 0.14 3.68 20.20 0.024

F 0.20 5.21 15.30 18

G 0.53 13.72 20.80 10

H 0.75 19.64 85.50 0.009
Nafion® 0.91 - 35.00 60

© 2022 Wiley-VCH GmbH
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expected a higher |IEC and water uptake for membranes under
longer durations, degradation due to long exposure may have
resulted into less integration and therefore lesser water uptake
compared to their previous membranes.

Sulfonation at 65°C also showed an increasing trend of
water uptake. As much as this is preferred, very high values
resulted in excessive swelling in membranes which is undesir-
able due to mechanical frailty of the respective membrane.
Membranes sulfonated for 45 min at 65°C yielded a much
higher water uptake compared to that of Nafion® resulting
from the fact that the structure of the polyphosphazene is
originally a hydrophilic structures due to its backbone™™ and
sulfonation process in addition also increases hydrophilicity of
the membrane.

Proton conductivity of the sulfonated membranes out of
polymer

P1 is given in Table 2. High performance of PEM fuel cell
membranes requires careful tuning of the sulfonation processes
to achieve sufficient water uptake, high conductivity, and
mechanical integrity. Within the common knowledge of such
practices, extended sulfonation durations increases the number
of SO;H groups incorporated in the polymer structure which
translate to higher IEC hence higher conductivity values.
However, the contrary is observed with membrane A
(0.41 meg/g) which showed higher conductivity values com-
pared to B (0.50 meg/g) and C (0.53 meq/g) despite the higher
IEC values for the latter samples. Comparison of the loss
modulus data of samples B and E from the DMA analysis
(Figure 10 (b)) has shown appearance of a distinct second peak
as the sulfonation time is increased, which may be attributed
to phase separation in the polymer structure. This is therefore
anticipated to result in presence of both conductive and non-
conductive domains in the membrane structure. Subsequently
this may affect the mass transport and hence the ion mobility
negatively, thereby causing the conductivity to decrease
despite the high degree of sulfonation in B and C. Careful
tuning of the sulfonation conditions is therefore of paramount
importance to achieve a compromised mechanical integrity
and conductivity of membranes. Additionally, it was observed
that longer durations (90 min and more for RT and 45 min for
65 °C) yielded poor conductivity values which may be linked to
polymer degradation and increased water uptake which result
in loss of mechanical integrity despite the high levels of
sulfonic acid groups available.

Although the synthesized membranes exhibited lower
proton conductivity (highest value obtained is 39 mScm™)
than that of Nafion® (60 mScm™' measured at the same
conditions), these membranes are still promising for fuel cell
application according to our previous results with (radiation
grafted membranes with a maximum proton conductivity of
40 mScm™' and encouraging fuel cell performance.®*<"

ChemistrySelect 2022, 7, €202103650 (9 of 10)

Conclusion

We successfully synthesized and characterized three novel
polyphosphazene derivatives with varying amount of m-
tolyloxy- and 4-pyridinoxy- side groups. The syntheses of these
polymers were confirmed by basic spectroscopic techniques.
High quality polyphosphazenes with narrow polydispersity and
rather low T, values were successfully prepared. As prepared
polymers were sulfonated under various sulfonation conditions
and the synergic effect of the side group heteroatom on the
proton conductivity of the proton exchange membranes were
investigated. It was determined that fuel cell relevant proper-
ties of membranes can be tuned by changing sulfonation
conditions. Hydrolytically stable PEMs with high thermal,
mechanical and chemical stabilities, and proton conductivity,
IEC and water uptake comparable with commercial Nafion
membranes were achieved.

Supporting Information Summary

Details of experimental procedures for the syntheses and
characterizations of polyphosphazenes, the characterization of
fuell cell related membranes, corresponding references are
provided in supporting information.
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