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Abstract: This study reports a new phenomenon whereby the ionic content of a random ionomer
was increased by the introduction of a hydrophobic modifier. In the current study, the ionomer
synthesized from the solution polymerization of the three vinyl monomers, which are polar hy-
drophobic monomers acrylonitrile (AN), glycidyl methacrylate (GMA), and ionic monomer potas-
sium 3-sulfopropyl methacrylate (SPM), encountered an early phase separation problem when the
ionic content exceeded a certain threshold value. However, the addition of a strongly hydrophobic
monomer, 2,2,3,3-tetrafluoropropyl methacrylate (TFPM), during the copolymerization is able to
restrain this phase separation trend, consequently allowing 50% more of SPM units to be incorporated
and uniformly distributed in the ionomer and achieving a random copolymer chain. The ionic
clustering of the SPM units, which is the cause for the phase separation, was reduced as a result. The
resulting random ionomer was demonstrated to be a superior proton conducting material over its
ternary originator. This is due to the fact that TFPM possesses acidic protons, which brings about
an association of TFPM with SPM and GMA via hydrogen bonding. This study could impact the
synthesis of random ionomers by free radical polymerization since monitoring ionic content and
improving ionic unit distribution in ionomers are issues encountered in several industries (e.g., the

healthcare industry).

Keywords: ionomer; polymer electrolyte membrane (PEM); solution copolymerization; fluorine-
containing methacrylate; H-bonding mediated copolymerization

1. Introduction

Random ionomers are useful for a wide range of applications. The fabrication of poly-
mer electrolyte membranes (PEMs) for DAFCs represents one of these applications [1-4].
A relatively simple design and ease of synthesis are the advantages of random ionomers
over ordered (graft, block, or star) ionomers [5,6]. However, the controllability of phase
separation during membrane formation, which is needed for establishing a pervasive hy-
drophilic network, is more difficult for random ionomers [7,8]. The resulting membranes are
therefore lower in proton conductivity than those fabricated from a more ordered ionomer
structure (such as Nafion®). Since the proton conductivity of ionomers increases generally
with the ionic content (i.e., the sulfonic acid group), the synthesis of random ionomers with
a high ionic content is an obvious solution to attain a high proton conductivity for PEMs
constructed from random ionomers [9-11].

Solution polymerization and emulsion polymerization are two common methods
to prepare random ionomers [12-15]. However, the synthesis of random ionomers in
the solution polymerization system often encounters two technical problems: (i) the lack
of a common solvent for both the hydrophobic monomer(s) (the main components for
maintaining mechanical property) and the ionic monomer (the minority component for
supporting ionic conduction); and (ii) early phase separation during polymerization caused
by the non-uniform distribution of the ionic units in the random copolymer chains and the
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ionic clustering of the ionic segments [16,17]. Polymerization in an oil-in-water emulsion
has been used to distribute the dissolved ionic monomers (in water) more uniformly in the
growing hydrophobic chains through additions at the micellar interface [18]. However, the
ionic content of the copolymer that can be incorporated by the emulsion polymerization is
quite limited. Consequently, random ionomers with high ionic contents are now mostly
prepared by pre-synthesizing a hydrophobic copolymer with functional groups on side
chains that can be converted into ionic groups separately [14,16]. The cost of this approach,
however, can be rather high due to involving a more complex synthesis process.

A one-pot solution polymerization to obtain random ionomers with a sufficiently high
ionic content is clearly preferable if the critical issue of phase separation during copoly-
merization can be satisfactorily overcome. In this regard, the work of Kim and coworkers
is noteworthy [19]. These authors used a specifically synthesized reactive compatibilizer
(modifier), i.e., the amphiphilic urethane acrylate non-ionomer (UAN) precursor, to suc-
cessfully avert phase separation in the solution polymerization of PS-co-PSSA aliphatic
random ionomers. A relatively high ionic content (up to 20 wt.%) could be incorporated in
an ionomer if a large amount of UAN was used. Other than this approach, the authors of
this paper are not aware of other attempts at using additives in solution copolymerization
to address the phase separation problem.

The present report describes the synthesis of a series of aliphatic random ionomers
containing co-monomeric units of acrylonitrile (AN) and methacrylates (GMA, SPM, and
TFPM). AN is the main constituent for forming a strong ionomer backbone owing to the
dipole-dipole interaction between the AN units. Together with the methacrylates, the AN
units provide structural stability for the fabricated membranes. The design also leverages
on the alcohol resistance of AN and methacrylates (GMA and TFPM) to minimize the
alcohol crossover problem and the ionizability of the SPM units to support proton transport.
The three co-monomeric (AN, GMA, SPM) system, however, was unable to produce high
ionic content random ionomers due to early phase separation, resulting in the formation
of flocculant. The precipitation of the ternary random ionomers, P(AN-co-GMA-co-SPM),
occurred during the free radical solution polymerization at relatively low SPM loadings
(<12 mol%). However, the SPM content in the ionomer could be increased by adding
an appropriate amount of the strongly hydrophobic TFPM to the polymerization solution,
forming the quaternary random ionomer P(AN-co-GMA-co-SPM-co-TFPM) as a result. The
solution copolymerization in this case could then proceed without precipitation driven
by early phase separation. The assimilation of TFPM into the growing free radical chains
during copolymerization could improve the distribution of the ionic SPM units in the
copolymer backbone, consequently reducing the tendency of precipitation driven by ag-
gregation of the ionic segments. The inclination of the ionic aggregation escalates when
the ionic segments become longer. This phenomenon of increasing the ionic content of
a random ionomer via hydrophobic modifier insertion is counter-intuitive and has not
been observed before. The effect is deemed to be a result of the association of the acidic
methylene (CH;) and methine (CH) protons in TFPM with the sulfonate of SPM via hy-
drogen bonding. The findings here could therefore provide a strategy for the design of
random-ionomer membranes with high ionic contents.

2. Experimental
2.1. Materials

Potassium 3-sulfopropyl methacrylate (SPM, 98%), acrylonitrile (AN, >99%), gly-
cidyl methacrylate (GMA, 97%), 2,2,3,3-tetrafluoropropyl methacrylate (TFPM, 99%),
1-hydroxycyclohexyl phenyl ketone (99%), N,N-dimethylformamide (DMF, HPLC-grade),
ethylene diamine (EDA, 98%), ethanol (analytical grade) and sodium poly(styrene sul-
fonate) (PSSNa) (M, = 70,000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The GMA monomer was further purified by passing it through a hydroquinone-based
inhibitor removal column (Sigma-Aldrich). All other chemicals were used as received.
Water was deionized through a Milipore Milli-Q Water system (Sigma-Aldrich).



J. Compos. Sci. 2022, 6,73

30f16

2.2. Synthesis of Random Ionomers

The first series of random ionomers, namely ternary P(AN-co-GMA-co-SPM), was syn-
thesized as follows. AN (3.2-3.5 mmol; 64-70 mol%), GMA (1 mmol; 20 mol%), SPM
(0.5-0.8 mmol; 10-16 mol%) and DMF (10 mL) were simultaneously introduced to a glass
tube. 1-Hydroxycyclohexyl phenyl ketone (5 wt.% of the monomers total), used as the initiator
of free-radical polymerization, was added next. After several minutes of vigorous stirring, the
mixture was deaerated with argon for 30 min, and the glass tube was sealed. The sealed tube
was transferred to a UV-reactor (Spectrolinker™ XL-1500 UV cross-linker with an intensity
of 5500 W/cm?, Spectro-UV, Farmingdale, NY, USA) and irradiated for 6 h to complete the
polymerization reaction shown in Figure 1. The polymer solution was then transferred to
a petri dish and heated at 80 °C for 24 h in a vacuum oven to form a solid product. The second
ionomer series, quaternary P(AN-co-GMA-co-SPM-co-TFPM), was synthesized in a similar
fashion in the presence of TFPM (0.25-1.0 mmol; 5-20 mol%) in the initial monomer feed.
A higher mole fraction of the SPM monomer (0.5-0.9 mmol; 10-18 mol%) could be used in
this case without early phase separation during the solution polymerization.
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P(AN-co-GMA-co-SPM-co-TFPM)

Figure 1. Synthesis of random ionomers via free-radical solution polymerization: P(AN-co-GMA-co-SPM)
(A) and P(AN-co-GMA-co-SPM-co-TFPM) (B).

The random ionomers are denoted by SX-Y, where X and Y are the mol% of TFPM and
SPM used in the starting mixture. The starting mixture also contained 20 mol% of GMA
with AN making up the balance. Thus, SO-12 refers to the ternary ionomer synthesized
with a starting mixture of 12 mol% SPM, 20 mol% GMA, and 68 mol% AN. Similarly, 520-14
is the quaternary ionomer synthesized from 20 mol% TFPM, 14 mol% SPM, 20 mol% GMA,
and 46 mol% AN.

2.3. Fabrication of Random-lonomer Membranes

For the membrane fabrication, the ionomer solution (0.1 wt.% in DMF) was cross-
linked with EDA (0.5 mmol) by the reaction between the epoxide group of GMA and the
amine group of EDA via nucleophilic addition reaction. The dose of EDA could theoretically
crosslink about 10% by mole of the pendant GMA units. Cross-linking began with mixing
the initial reaction at room temperature for 4 h under vigorous stirring. The solution was
then cast on a Teflon dish and cured at 80 °C for 24 h. A uniformly transparent membrane
was formed, which could be easily separated from the Teflon surface. The membrane was
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then equilibrated in 1.0 M sulfuric acid (H,SOy4) for 24 h at room temperature to convert
the SPM units from the salt form (K*) to the acid form (H*).

2.4. Characterization
2.4.1. Proton Conductivity

The proton conductivities of the cast membranes were measured by the standard
four-probe method on an Autolab PGSTAT30 potentiostat/galvanostat equipped with an
electrochemical-impedance analyzer (Artisan Technology Group, Champaign, IL, USA).
The frequency range of 1 MHz to 50 Hz was used. All samples (as 1 cm X 3 cm strips)
were equilibrated in deionized water for 24 h prior to the measurements. The membrane
resistance was determined from the Nyquist plot of the complex impedance (Z" vs. Z')
using a method described elsewhere [20]. Proton conductivity was then calculated as
o= % , where L and S are the distance between the two electrodes (fixed at 1 cm) and the
cross-sectional area of the membrane, respectively. The proton conductivity of a commercial
Nafion® 117 membrane measured this way was between 0.05 and 0.07 S/cm. Its good
agreement with the literature values is a validation of the measurement method [21,22].

2.4.2. Reduced Viscosity and Zeta Potential

The reduced viscosities of random ionomer solutions in the two different solvent
systems were measured by an Ostwald capillary viscometer thermostated at 23 £+ 0.1 °C.
Two solvents are pure DMF and a mixture of DMF and ethanol (v/v = 1). They were used
to successively dilute a stock solution of random ionomer prepared in DMF (50 mg/mL) to
several concentrations in the range of 0.1 g/dL to 0.01 g/dL. The detailed procedure can
be found in the literature [23]. For the zeta potential measurement, the selected ionomers
were dissolved in a mixture of ethanol and water (v/v = variable) by using an analyzer
(Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK).

2.4.3. Laser Light Scattering (LLS)

Static light scattering (SLS) measurements were performed on a Brookhaven BI-200SM
(Brookhaven Instruments Corporation, Holtsville, NY, USA) using a 30 mW He-Ne laser
with wavelength of 633 nm. The pinhole wheel opening was 2 mm. The measurement
angles were varied from 30° to 150° in steps of 15°. The weight average molecular weight
(My) of the random ionomers was determined by a software based on the Brookhaven-
Zimm plot. Dilute solutions (1-10 mg/mL) of the ionomer samples (50-10, S5-10, S10-10,
and S20-10) in DMF after passing through a 0.45 um Millipore Millex® HN filter (Merck
KGaA, Darmstadt, Germany) were used for the measurements. A dilute solution of sodium
poly(styrene sulfonate) in water with a M, of ~70,000 was used as the control.

Dynamic light scattering (DLS) measurements on a Zetasizer NanoZS (Malvern) were
used to determine the size distribution of the micelles formed by adding the ionomer
solution in DMF to water. The solutions of ionomers S0-10 and S20-10 in DMF were used
as representative samples. The two ionomer solutions were used to prepare stable colloidal
dispersions by adding them dropwise into an excess pool of water with shaking. Each
solution was then separately dialyzed in deionized water for 24 h to remove the DMF [24].
The aqueous colloidal dispersions prepared as such were kept sealed at room temperature
before the SLS measurements.

2.4.4. Transmission Electron Microscopy (TEM)

A JEOL 2100 microscope (Pleasanton, CA, USA) was used to obtain TEM images of the
ionomer particles in the colloidal dispersions prepared above. TEM samples were prepared
by dispensing a drop of the ionomer solution in water onto a TEM grid.

2.4.5. Ultraviolet-Visible Spectroscopy

The structures of the random ternary and quaternary ionomers, represented by S0-10
and S20-10, respectively, were examined by UV-Vis spectroscopy and H-NMR spectroscopy.
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The UV-Vis spectra of the monomer mixtures in the wavelength range of 190 to 400 nm
before and after polymerization were recorded on a Shimadzu UV-2450 spectrophotometer
(Kyoto, Japan), for which DMF was used as solvent. 'H NMR spectroscopy of two selected
solid ionomer samples was performed on a 500-MHz Bruker Avance 500 spectrophotometer
(Billerica, MA, USA), for which DMF-d7 was used as solvent.

3. Results and Discussion
3.1. Effects of Hydrophobic Modifier Addition on Phase Separation during Copolymerization

During the synthesis of the ternary random ionomers in DMF, phase separation, which
was indicated when the polymerization solution was turning turbid, occurred when the
SPM content in the starting mixture was higher than 12 mol%. Depending on the starting
mixture composition, the phase separation could occur very early or much later during the
copolymerization (Table 1).

Table 1. Phase separation behavior in the copolymerization of SX-Y random ionomers and resulting
SX-Y membranes.

SPM/AN/

After Initiation After6 h
Copolymer SX-Y * (EOI;I(}/;I) of Polymerization of Reaction
S0-10 10/70/0 H H
S0-12 12/68/0 H T
S0-14 14/66/0 T T
S0-16 16/64/0 T T
S5-10 10/65/5 H H
S5-12 12/63/5 H H
S5-14 14/61/5 T T
S5-16 16/59/5 T T
S510-10 10/60/10 H H
S10-12 12/58/10 H H
S10-14 14/56/10 H H
S10-16 16/54/10 T T
S20-10 10/50/20 H H
S20-12 12/48/20 H H
S20-14 14/46/20 H H
S20-16 16/44/20 H H
S520-18 18/42/20 H H

H, homogeneous; T, turbid; * The mole fraction of GMA was fixed at 20 mol% in all batches of the monomer feed.

Such phase instability was most likely caused by the intra and inter chains clustering
of the ionic SPM segments in the copolymer chains since the SPM segments with growing
become more incompatible with other monomeric units and with the solvent. No phase
separation occurs for the co-polymerizations without SPM. Furthermore, self-aggregation is
a common observation in the polymerization of SPM [25]. Interestingly, in the synthesis of
the quaternary ionomer series in DMEF, phase separation did not occur until the SPM content
in the starting mixture was higher than 18 mol%. This finding led us to infer a benevolent
role of the hydrophobic TFPM monomer. We hypothesize that the presence of TFPM
rendered a more uniform distribution of the shorter ionic SPM segments in the copolymer
backbone than the case without TFPM. The more uniform distribution of the SPM segments
reduced the flocculation tendency of SPM segments, and subsequently a higher solubility
of the ionomer in the reaction medium was possible during polymerization.

The above polymerization systems are conceptually similar to a binary copolymerization
system consisting of an AN type monomer and a methacrylate (RMA) [CH,=C(CH3)OCOR]
type monomer. GMA, SPM, and TFPM are RMA type with similar monomer reactivity
ratios [26-28]. The relative reactivity ratios [29] measured from the copolymerization of
AN (1) and RMA (2) were r; = 0.14 and r, = 1.20, respectively, suggesting that during
the growth of free radical chains, RMA radicals prefer to add a monomer of their own
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type, whereas the AN radicals prefer an RMA monomer. This kinetic preference would
therefore result in longer RMA segments being formed very rapidly in copolymerization by
the free radical mechanism resulting in a lower mole fraction of AN units in the copolymer
chains. Based on this AN-RMA copolymerization model, it may be deduced that the above
three RMA monomers in the present copolymerization system would join the growing free
radical chains faster than AN would, provided that steric hindrance and the polarity of
the —OR groups did not weigh in heavily on the copolymerization rate. This would be the
case when the mol% of TFPM was either zero or very low. Under such conditions, there
would be extended RMA sequences (GMA and SPM), respectively, in the copolymer chains
formed, resulting in long SPM segments and hence poor solubility in DMFE. On the contrary,
for radicals with TFPM units at the chain growing ends, the SPM monomer addition was
facilitated due to hydrogen bonding that associates the TFPM unit with SPM and with
GMA, respectively, as illustrated in the drawing (inset of Figure 2). Therefore, untrivial
parts of SPM and GMA units could be brought into the growing radical chains through the
bridging role of H-bonding. Such association, on the other hand, lowers down the reactivity
of RMA owing to steric hindrance and would encourage inclusion of AN units among them.
The consequence of this H-bonding mediation is that the SPM units became more dispersed
in the copolymer chains and a higher mole fraction of AN compared with the case without
TFPM, thereby deferring the precipitation of the ionomer in the polymerization medium
caused by the clustering of the ionic SPM segments.

3.0+ C]) H F
/CHch,Cst O«-+H— /éca# o)
2.5 ? KO o F ?
g0 %o ?
—~ 2.0 CH,=C CH2=é| ?=o
l Hy CH C=CH
% SPM ’ - ’
~ 1.5 TFPM B
o GMA
o
o
1.0
1 x
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n \ \:E.
%-Hi"h——'——_——‘g
0 v | L || s 1 . 1 L 1 1
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Concentration (g/dL) of ionomers

Figure 2. Reduced viscosity (1eq) as a function of the random ionomers concentration at 22-°C: ionomer
S0-10 in DMF (A) and in a DMF/ethanol mixture (v/v = 1) (A); ionomer S20-10 in DMF ((J) and in
a DMF/ethanol mixture (v/v = 1) (l). The inset shows the copolymerization mediating role of TFPM.

3.2. Influence of Co-Monomer Distribution on lonomer Solvation in Aqueous Medium

The structural change from a ternary random ionomer to a quaternary random ionomer
due to the presence of TFPM units in the copolymer leads to changes in solvation behavior
in solvents. In this study, measurements of solution properties, such as the reduced viscosity,
light scattering properties, and zeta potentials, all support the above observation, which
was also supplemented by TEM examinations of the ionomer particles.

Figure 2 shows the reduced specific viscosity (14)—concentration plots of ternary
50-10 and quaternary S20-10 ionomers in the two different solvents (DMF and a 1:1 (v/v)
DME/ethanol mixture). DMF was found to be a good solvent for all of the monomers
except for SPM. It is nevertheless a weaker solvent than DMF/ethanol for the ionomers. The
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measured viscous behavior of the ionomers in the two solvents is typical of the response of
the ionomers to the changes in solvent polarity and concentration [30,31].

In general, reduced viscosity (1.q), @ physical quantity using the viscosity of solvent
as reference, is a measure of the expandability of the polymer chains in a dilute solution.
A good solvent therefore exhibits a higher reduced viscosity. The higher viscosities of
the two ionomers in the 1:1 DMF/ethanol solvent (Figure 2), therefore, suggests a greater
expansion of the ionomer chains in this binary solvent mixture. This indicates stronger
ionomer-solvent interactions, which could be caused by the affinity of ethanol with SPM
segments and the full solvation of AN and MMA segments by DMF, respectively (namely
the cooperative solvation). Such expansion extents would not be possible with ethanol or
DMF alone. Van der Waals forces and other intermolecular forces (e.g., hydrogen bonding
or donor-acceptor complexation) sustaining solvation cause a negative mixing enthalpy
and a positive mixing entropy. As regards the stiff decrease in the reduced viscosity with
changes in concentration, this could be understood in terms of chain entanglement: at high
concentrations when coils of ionomer chains were closer to one another, the increasingly
stronger ionic interactions between the ionic segments led to more chain entanglement. The
increase in chain entanglement lowers the contact between the ionomer and the solvent
molecules, and as a result the reduced viscosity is lower [32,33].

More informatively, S20-10 ionomers exhibit a slightly greater 1,.q than S0-10 and
are less sensitive to the increase in concentration in both solvents (the S20-10 trend lines
are above the corresponding S0-10 trend lines). In the binary solvent, this difference
appears in the concentration range of 0.03 g/dL and above, but in DMF, the gap exists
in all concentrations. This implies a higher expansivity of quaternary ionomer than its
ternary counterpart. Since both ionomers have the same SPM contents, 520-10 experiences
less contraction, which must have been caused by more broadly SPM distribution in its
copolymer chains. Hence, this obstructs approaching of the SPM segments in the ionomer
chains and could therefore more effectively oppose the proclivity for chain entanglement.
Moreover, the effect of chain structure (composition and monomer distribution) on chain
expansion in the very dilute environment is more obvious in a weaker solvent (e.g., DMF)
than in a stronger solvent (e.g., DMF-Ethanol).

Alternatively, since the solvation of random ionomers in a polar solvent depends on
the solvent-accessibility to the different types of segments, this would thereby impact the
ionization of the ionic units. Indeed, this was demonstrated in the present work. Both
S0-10 and S20-10 ionomers were negatively charged due to the cationic exchange nature of
the SPM units. They indeed display different magnitudes of negative zeta potential with
a variation of concentrations in the solvent (Figure 3). Despite containing the same SPM
contents in both ionomers, this observation is attributed to the different extents of exposure
to water of the SPM units in the solvated copolymer coils. Zeta potential measurements
complements the results of the reduced viscosity measurements.

Figure 3 shows the zeta potential changes with the lowering of the polarity of the
ethanol/water solvent. The zeta potential of the SO-10 ionomer in pure water was much more
negative than that of the S20-10 ionomer. This implies that SO-10 ionomer attains the maximum
chain expansion in pure water due to longer SPM segments. Consequently, the hydrophilicity
of SPM was not sterically shielded by the neighboring hydrophobic segments. With the
increase in ethanol contraction, ionization extent of SPM is constrained and hence the ionomer
carries less of a negative charge. Additionally, S0-10 bears a near zero zeta potential in pure
ethanol, implying that the SPM segments are wrapped up by the neighboring hydrophobic
segments. In contrast, S20-10 possesses a rather stable negative charge level with the increase
in ethanol concentration. This means that SPM and TFPM units as well as GMA units in the
copolymer chain are in proximity, leading to a rather limited and stable exposure of SPM
units to water (and therefore similar ionization degrees of the units). A uniform distribution
of SPM units, due to the H-bonding assisted chain growth mechanism, engenders the regio-
partitioning by the proximate hydrophobic segments.
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Figure 3. Zeta potentials of 1 wt.% S0-10 (M) and S20-10 (A) ionomers in an ethanol/H;O mixture.

Dynamic light scattering (DLS) measurements also support this inference: a larger
hydrodynamic volume was measured for the S0-10 ionomer in pure water due to a higher
water-swelling extent of the SPM units (Figure 4). It is rational that S0-10 particles have a hy-
drogel shell on each particle, but 520-10 particles are shrunk due to the regio-partitioning
effect (as proposed above). Correspondingly, TEM examination of the size and size distri-
bution of the S5-10 and S-20 ionomer particles also led to the same conclusion (Figure 5).
The two TEM images provide discernable observation to support the Gaussian distribution
displayed in Figure 4. Measurements of the weight-averaged molecular weights (My,) of
S0-10 and S20-10 ionomers by SLS in DMF (Table 2) also show an increase in M, with
the increase in the mole fraction (x) of TFPM in the polymerization starting mixture. We
suggest that this happens since TFPM, once joining the radical chain, stabilizes the radical
formed due to the electron-withdrawing effect and steric hindrance effect of the TFP group.
This therefore favors the growth of radical chains.

]
(u]
—0— S0-10, P(AN-GMA-SPM)
—0— $20-10, P(AN-GMA-SPM-TFPM)
o
u]

Solid line

e N\

0.1 1 10 100 1000 10,000
Particle size (nm)

Figure 4. Size distribution of random ionomer aggregates formed in aqueous solution. The solid line
is the Gaussian fit.
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Figure 5. TEM images (50,000 x magnification) of ternary random ionomer (S0-10) aggregates (A) and

quaternary random ionomer (S20-10) aggregates (B) in aqueous solution after dialysis. The initial
ionomer concentration was 1 wt.%. The error bars in both images represent a 0.5 pm scale.

Table 2. Weight-averaged molecular weights (M, ) of random ionomers from SLS measurements.

lonomer SPM Content TFPM Content M, x1073
(mol%) (mol%) (g/mol)
S0-10 10 0 930
S5-10 10 5 1580
510-10 10 10 1620
520-10 10 20 2300
Poly(Styrene Sulfonate) *, ) )
Mw ~ 70,000

* This polymer was used to calibrate the measuring condition.

The longer life of the radicals therefore led to a greater M,,. With the exception of
this factor, the quaternary ionomer gains a slightly larger solvation size than the ternary
ionomer in DMF (Figure 2). This favors a higher reading of My, from SLS. On the other
hand, uniformly dispersed TFPM units in the quaternay ionomer could more strongly
and symmetrically scatter incident light, affecting the determination of M. As AN is the
dominant constituent in the copolymer, the uniform distribution of TFPM in the quaternary
copolymer chain must have a sizable impact on M;,. This aspect is validated below by
UV-Vis analysis.

3.3. Additional Characterizations of the Ternary and Quaternary lonomer Chains

Continuing the correlation of polymer-solvent interactions with the characterization of
polymer chain structures, the content and distribution of AN unit in both ternary and qua-
ternary ionomers could also be scrutinized by their different UV-Vis spectroscopic behaviors
when they are swelled by a solvent such as DMF. The inclusion of TFPM monomer, bearing
a strong electron-withdrawing group (-OCH,CF,CHF,), could behave like AN owing to the
inductive effect, taking in more AN and making AN more uniformly distributed. This change
causes increases in dipoles as well as spreading of monomeric units in the copolymer chains
formed [34,35]. UV-Vis spectroscopic and 'H-NMR spectroscopic measurements provide the
supporting evidence for the hypothesis the role of the addition of TFPM.

The UV-Vis spectra of AN and resulting ionomers shown in Figures 68 share several
common features, namely a strong absorption band at 280 nm and a feeble shoulder
(for monomer) at around 330 nm caused by the conjugation between vinyl and nitrile
groups. It was found from separate experiments that the homo-polymerization of AN or its
copolymerization with the other monomers does not bring about a shift of the maximum
absorption wavelength. On the contrary, an increase in the extent of homo-polymerization
broadens the absorbance band and increases its intensity. The band width could be related
with the average numbers of the aligned C=N dipoles (i.e., alignment extent), as illustrated
in the inset of Figure 6. On the other hand, the band intensity could be attributed to
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the number of AN association groups, in which AN monomer or monomeric units are
associated together with various spatial arrangements. Such groups exist in the monomer
feed as well as in the copolymer formed. The change in absorbance intensity and it peak
width with the formation of homo-PAN, which has also been observed before [36], means

a significant increase in alighment and random association of C=N dipoles.
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Figure 6. UV-Vis spectra of AN monomer in DMF before polymerization (OJ), after 1 h of polymeriza-
tion (M), after 6 h of polymerization (A).
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Figure 7. UV-Vis spectra (at the Amax of AN) of the two ionomers before and after 6 h of copolymer-
ization: the monomer mixture S0-10 (O) and its partially polymerized product (e); the monomer
mixture 520-10 (1) and its partially polymerized product (H).
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Figure 8. UV-Vis spectra of AN-GMA monomer mixture (with equimolar ratio) in DMF before
polymerization ([J), after 1 h of polymerization (M), and after 6 h of polymerization ().

Two copolymerization systems (i.e., SO-10 and S20-10) were selected to examine their
UV-Vis spectra (Figure 7). The ~280 nm absorption is similar at the start of polymerization
despite the fact that the quaternary feed presents a slightly broader band. In both systems,
the absorption bands were broadened after polymerization for 6 h, indicating the formation
of AN segments in the two ionomers. Different from the homo-polymerization of AN, the
~280 nm intensity is practically unchanged. This is indicative of a negligible change in the
number of AN association groups after polymerization, as defined above. On the other
hand, the copolymerization increases the average alignment extent of AN dipoles, leading
to a broader absorption band. In regard to the comparison of UV-Vis spectra of S0-10 and
520-10, the latter presents a slightly broader absorption band than the former. This suggests
the formation of a somewhat greater extent of dipole alignment in ionomer 520-10 [31]. In
conclusion, AN is easier to join the radical growing chains with the assistance of TEPM,
resulting in a larger number of aligned C=N dipoles distributed among the other monomer
segments of S20-10. As a control system, the copolymerization of AN and GMA exhibits
the similar phenomenon (Figure 8). It suggests that more AN segments are formed with
the extension of polymerization, which favors the dipole alignment in individual segments
and hence broadening of the adsorption band.

In the meantime, 'H-NMR analysis of the above two ionomers revealed that the
presence of TFPM in the copolymer backbone also caused down-field chemical shifts of
the methylene moieties in the alkoxyl groups (-CH,-O-) (marked by ¢, h and o) of the
three RMA-type monomeric units (Figure 9). In the ternary ionomer, the methylene groups
(marked by ¢ and h) underwent peak splitting (into three peaks) due to the magnetic
coupling of neighboring -CH,- and >CH- groups (Figure 9A). The assimilation of TFPM
segments into the ionomer causes more complicated coupling due to the introduction
of F-H coupling in -CF,-CH, (labeled by o). This structural change is reflected by
the broadening of these three NMR peaks (Figure 9B). More importantly, the down-field
chemical shifts of these three peaks suggest a reduction in the electron density surrounding
the methylene moieties (-CH,-) in the alkoxyl groups. This could be due to improved
mixing of the AN segments with the three RMA-type segments in the ionomer chains,
causing the decrease in electron density in the backbone of individual copolymer chains
due to the fact that the strong electron withdrawing C=N groups are dispersed in each
quaternary ionomer chain. In short, the 'TH-NMR analysis supports the occurrence that
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the participation TFPM in the copolymer chains also restricts the length of AN segments
without reducing the mole fraction of AN in the copolymer chains.
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Figure 9. 1H NMR spectra of ionomers formed from the S0-10 (A) and 520-10 (B) systems after
UV-irradiated polymerization for 6 h.

3.4. Effect of the TFPM Units on the Proton Conductivity

The membranes for assessing proton conductivity were prepared by solution casting
technique, which has a crosslink matrix containing not only sulfonate group but also other
hydrophilic pendant groups (e.g., -NH- and -OH). However, the mol% of SPM and TFPM
strongly impact the proton transport in the matrix (Figures 10 and 11). It was observed
during the screening of ionomer composition that no freestanding membrane could be
formed with SPM content higher than 10 mol%. As shown in Figure 3, longer and separate
SPM segments in the ternary ionomer make the crosslinking ineffective to restrict water
swelling degree. On the other hand, low SPM contents (<10 mol%) resulted in very low
proton conductivities. In samples with no or a very low TFPM content, the mol% SPM that
could be incorporated into the ionomer was rather limited (Table 1). Membranes of SX-10
ionomers were examined to clarify the effect of TFPM on proton conductivity. As shown in
Figure 10, the variation of mole fraction of TFPM (X = 0 to 20 mol%) shows only a minor
effect on the proton conductivity. However, the water-uptake decreases with increasing
TFPM content from 0 to 10. The hydrophobicity of TFPM clearly prevails in these cases
over the improved distribution of SPM units since the SPM units are adequately partitioned
by TFPM since X = 10 mol%. Proton transport is not enhanced as a result.
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Figure 10. The effect of hydrophobic TFPM modification on the SX-10 proton conductivities at room
temperature. The conductivities of ternary S0-10 membrane and the Nafion® 117 membrane are
included for comparison.
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Figure 11. Influence of ionic SPM groups on the proton conductivities of the S20-Y membranes at
room temperature, and the Nafion® 117 membrane is included for comparison.

Quite fortuitously, the increase in TFPM content also enables more SPM units to be
incorporated into the ionomer (Table 1). The distribution of the ionic SPM units in the
quaternary ionomer with the mediating role of TFPM impacts proton conductivity. The
520-Y membranes (Y = 10-18 mol% SPM, Figure 11) shows the trend that the increase
in SPM content leads to a concomitant increase in water uptake and proton conductivity.
Its structural origin lies in the rise of ionic (SPM) content, which results in longer SPM
segments well distributed in the ionomer copolymer chains. This is the requirement for
constructing interconnecting, dense and sizable proton transport channels. [37] As shown
in Figure 11, the 520-18 membrane attains the highest proton conductivity (o = 0.05S/cm),
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it is almost an order of magnitude improvement over the proton conductivity of the SO-10
membrane. This agrees well with the above inference on the ionic conducting channels. The
presence of 20 mol% of TFPM could permit 18 mol% SPM (in the quaternary copolymer)
to be spatially able to form proton conducting channels throughout the membrane matrix.
Although it was experimentally possible to increase the SPM content further by using more
TFPM in the synthesis, the resulting PEM properties are not what expected. For example,
the 525-Y membranes exhibit rather poor proton conductivities, which is attributed to the
fact that that once SPM content in 525-Y reaches a certain level, the hydrophobic TFPM
segments drive the aggregation of SPM segments (forming hydrophilic domains when the
membrane is cast). This would leave behind segregated hydrophilic domains at the cost of
diminishing H* transfer channels. Such a membrane matrix structure, on the other hand,
gives rise to excessive water swelling in these hydrophilic domains, which become inferior
mechanical spots of the membrane.

4. Conclusions

This study focuses on the topic of promoting the ionic component in a type of random
aliphatic ionomer via introduction of a fluorine-containing acrylate monomer (TFPM) in
the solution copolymerization system. The possible reasons for the increase in the ionic
characteristic of the random ionomers were inferred by examining variations of reduced
viscosity, zeta potentials, and light scattering intensity with the composition and solution
concentration of ionomer. The characterization results were supplemented by spectroscopic
(UV-Vis and 'H-NMR) and electron microscopic images.

It is suggested that associative interactions via H-bonding between the TFPM and ionic
monomer (SPM) assist with distributing SPM more uniformly in the ionomer backbone.
As a result, the clustering of SPM segments causing an early phase separation problem in
the synthesis of the ternary ionomers is effectively moderated (i.e., the content of SPM in
copolymer is lifted from 10 mol% to above 18% in the presence of 20 mol% of TFPM). The
TFPM addition also brings about noticeably different solution behaviors from those of the
ternary random ionomers, mostly due to the modification of the solvent accessibility of the
SPM segments as well as a more uniform distribution of AN segments in the copolymer
chain. This study also demonstrates that the hydrophobic TFPM and ionic SPM units
affect the structural and functional properties of the membranes in opposite ways, and
hence composition optimization is critical for developing workable membranes. The main
result of this study is the attainment of a membrane possessing a proton conductivity of
0.05 S/cm. The membrane consists of 20 mol% TFPM and 18 mol% SPM except for the
other two structural monomeric units.

Author Contributions: Conceptualization, D.J.,].Y.L. and L.H.; methodology, D.]. and C.F,; validation,
L.H. and J.Y.L,; formal analysis, L.H.; investigation, D.J. and C.E; resources, ].Y.L. and L.H.; writing—
original draft preparation, D.J.; writing—review and editing, J.Y.L. and L.H.; visualization, L.H.;
supervision, J.Y.L. and L.H.; project administration, J.Y.L.; funding acquisition, ].Y.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This investigation was completed at the Department of Chemical & Biomolecular
Engineering of National University of Singapore.

Conflicts of Interest: The authors declare no conflict of interest.



J. Compos. Sci. 2022, 6,73 15 of 16

References

1.  Hickner, M.A.; Ghassemi, H.; Kim, Y.S.; Einsla, B.R.; McGrath, ].E. Alternative polymer systems for proton exchange membranes
(PEMSs). Chem. Rev. 2004, 104, 4587—-4612. [CrossRef] [PubMed]

2. Hickner, M.A; Pivovar, B.S. The Chemical and Structural Nature of Proton Exchange Membrane Fuel Cell Properties. Fuel Cells
2005, 5, 213-229. [CrossRef]

3. Nagao, Y. Progress on highly proton-conductive polymer thin films with organized structure and molecularly oriented structure.
Sci. Technol. Adv. Mater. 2020, 79, 79-91. [CrossRef] [PubMed]

4. Higa, M.; Feng, S.; Endo, N.; Kakihana, Y. Characteristics and direct methanol fuel cell performance of polymer electrolyte
membranes prepared from poly(vinyl alcohol-b-styrene sulfonic acid). Electrochim. Acta 2015, 153, 83-89. [CrossRef]

5. Yang, Y.; Holdcroft, S. Synthetic strategies for controlling the morphology of proton conducting polymer membranes. Fuel Cells
2005, 5, 171-186. [CrossRef]

6. Francisco-Vieira, L.; Benavides, R.; Cuara-Diaz, E.; Morales-Acosta, D. Styrene-co-butyl acrylate copolymers with potential
application as membranes in PEM fuel cell. Int. J. Hydrogen Energy 2019, 44, 12492-12499. [CrossRef]

7.  Register, R.A. Morphology and structure—property relationships in random ionomers: Two foundational articles from macro-
molecules. Macromolecules 2020, 53, 1523-1526. [CrossRef]

8.  Kim, M,; Ko, H.; Nam, S.Y.; Kim, K. Study on control of polymeric architecture of sulfonated hydrocarbon-based polymers for
high-performance polymer electrolyte membranes in fuel cell applications. Polymers 2021, 13, 3520. [CrossRef]

9. Fu, R.Q.; Hong, L.; Lee, J.Y. Membrane Design for Direct Ethanol Fuel Cells: A Hybrid Proton-Conducting Interpenetrating
Polymer Network. Fuel Cells 2008, 8, 52-61. [CrossRef]

10. Pei, H.; Hong, L.; Lee, ].Y. Polymer electrolyte membrane based on 2-acrylamido-2-methyl propanesulfonic acid fabricated by
embedded polymerization. J. Power Sources 2006, 160, 949-956. [CrossRef]

11.  Sui, Y;; Du, Y;; Hu, H.; Qian, J.; Zhang, X. Do acid-base interactions really improve the ion conduction in a proton exchange
membrane?—A study on the effect of basic groups. J. Mater. Chem. A 2019, 7, 19820-19830. [CrossRef]

12.  Alonso, A.; Catalina, F.; Salvador, E.F,; Peinado, C. Synthesis of amphiphilic random copolymers and fluorescence study of their
association behavior in water. Macromol. Chem. Phys. 2001, 202, 2293-2299. [CrossRef]

13.  Carmen, P; Fernando, C.; Veronica San, M. Synthesis and association properties in water solution of random copolymers
of 2-acrylamido-2-methyl-1-propane sulfonic acid and isodecyl methacrylate-Potential application as surfactants in micellar-
enhanced ultrafiltration processes. J. Appl. Polym. Sci. 2007, 106, 1982-1991.

14. Okamura, H.; Takatori, Y.; Tsunooka, M.; Shirai, M. Synthesis of random and block copolymers of styrene and styrenesulfonic acid
with low polydispersity using nitroxide-mediated living radical polymerization technique. Polymer 2002, 43, 3155-3162. [CrossRef]

15.  Weiss, R.A.; Turner, S.R.; Lundberg, R.D. Sulfonated polystyrene ionomers prepared by emulsion copolymerization of styrene
and sodium styrene sulfonate. J. Polym. Sci. Polym. Chem. Part A 1985, 23, 525-533. [CrossRef]

16. Hashidzume, A.; Morishima, Y.; Szczubialka, K. Amphiphilic Polyelectrolyte. In Handbook of Polyelectrolytes and Their Applications;
Tripathy, S.K., Kumar, J., Nalwa, H.S., Eds.; American Scientific Publishers: Valencia, CA, USA, 2002; Volume 2.

17.  Zhang, T.; Guo, Q. A new route to prepare multiresponsive organogels from a block ionomer via charge-driven assembly. Chem.
Commun. 2013, 49, 5076-5078. [CrossRef]

18. Wu, D.; Scott, C.; Ho, C.-C.; Co, C.C. Aqueous-Core Capsules via Interfacial Free Radical Alternating Copolymerization.
Macromolecules 2006, 39, 5848-5853. [CrossRef]

19. Kim,].-Y;; Mulmi, S.; Lee, C.-H.; Lee, Y.-M.; Ihn, K.-J. Synthesis of microphase-separated poly(styrene-co-sodium styrene sulfonate)
membranes using amphiphilic urethane acrylate nonionomers as an reactive compatibilizer. J. Appl. Polym. Sci. 2008, 107,
2150-2158. [CrossRef]

20. Zoppi, R.A.; Nunes, S.P. Electrochemical impedance studies of hybrids of perfluorosulfonic acid ionomer and silicon oxide by
sol-gel reaction from solution. J. Electroanal. Chem. 1998, 445, 39-45. [CrossRef]

21. Deluca, N.W,; Elabd, Y.A. Polymer electrolyte membranes for the direct methanol fuel cell: A review. J. Polym. Sci. Part B 2006,
44,2201-2225. [CrossRef]

22.  Neburchilov, V,; Martin, J.; Wang, H.; Zhang, J. A review of polymer electrolyte membranes for direct methanol fuel cells. ]. Power
Sources 2007, 169, 221-238. [CrossRef]

23. Yang, H.; Li, H.; Zhu, P; Yan, Y.; Zhu, Q.; Chenggao, F. A novel method for determining the viscosity of polymer solution. Polym.
Test. 2004, 23, 897-901. [CrossRef]

24. Yu, K, Eisenberg, A. Multiple morphologies in aqueous solutions of aggregates of polystyrene-block-poly(ethylene oxide) diblock
copolymers. Macromolecules 1996, 29, 6359-6361. [CrossRef]

25. Liaw, D.J.; Huang, C.C. Dilute solution properties of anionic poly(potassium-2-sulfopropylmethacrylate). . Appl. Polym. Sci.
1997, 63, 175-185. [CrossRef]

26. Angela, K;; Jaroslav, B.; Oldrich, P. Contribution to the study of the kinetics of radical homo- and copolymerization of fluoroalkyl
methacrylates, 1. 2-chloro-2,3,3,3-tetrafluoropropyl methacrylate. Die Makromol. Chem. Rapid Commun. 1987, 8, 621-625.

27. Brar, A.S.; Dutta, K. Acrylonitrile and glycidyl methacrylate copolymers: Nuclear magnetic resonance characterization. Macro-
molecules 1998, 31, 4695—4702. [CrossRef] [PubMed]

28. Chen, C.-H.; Lee, W.-C. Preparation of methyl methacrylate and glycidyl methacrylate copolymerized nonporous particles.

J. Polym. Sci. Part A 1999, 37, 1457-1463. [CrossRef]


http://doi.org/10.1021/cr020711a
http://www.ncbi.nlm.nih.gov/pubmed/15669163
http://doi.org/10.1002/fuce.200400064
http://doi.org/10.1080/14686996.2020.1722740
http://www.ncbi.nlm.nih.gov/pubmed/32158509
http://doi.org/10.1016/j.electacta.2014.11.155
http://doi.org/10.1002/fuce.200400058
http://doi.org/10.1016/j.ijhydene.2019.01.181
http://doi.org/10.1021/acs.macromol.9b01932
http://doi.org/10.3390/polym13203520
http://doi.org/10.1002/fuce.200700041
http://doi.org/10.1016/j.jpowsour.2006.03.028
http://doi.org/10.1039/C9TA06508C
http://doi.org/10.1002/1521-3935(20010701)202:11&lt;2293::AID-MACP2293&gt;3.0.CO;2-W
http://doi.org/10.1016/S0032-3861(02)00162-3
http://doi.org/10.1002/pol.1985.170230226
http://doi.org/10.1039/c3cc41333k
http://doi.org/10.1021/ma060951i
http://doi.org/10.1002/app.27345
http://doi.org/10.1016/S0022-0728(97)00513-5
http://doi.org/10.1002/polb.20861
http://doi.org/10.1016/j.jpowsour.2007.03.044
http://doi.org/10.1016/j.polymertesting.2004.05.005
http://doi.org/10.1021/ma960381u
http://doi.org/10.1002/(SICI)1097-4628(19970110)63:2&lt;175::AID-APP5&gt;3.0.CO;2-S
http://doi.org/10.1021/ma980184q
http://www.ncbi.nlm.nih.gov/pubmed/9680401
http://doi.org/10.1002/(SICI)1099-0518(19990515)37:10&lt;1457::AID-POLA8&gt;3.0.CO;2-U

J. Compos. Sci. 2022, 6,73 16 of 16

29.
30.

31.
32.
33.
34.

35.

36.

37.

Odian, G. Principles of Polymerization, 4th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2004; pp. 29-32.

Hara, M.; Wu, J.; Lee, A.H. Effect of intra- and intermolecular interactions on solution properties of sulfonated polystyrene
ionomers. Macromolecules 1988, 21, 2214-2218. [CrossRef]

Nomula, S.; Cooper, S.L. Effect of solvent polarity in ionomer solutions. Macromolecules 2001, 34, 925-930. [CrossRef]

Hara, M; Lee, A.H.; Wu, J. Solution properties of ionomers. 1. Counterion effect. J. Polym. Sci. Part B 1987, 25, 1407-1418. [CrossRef]
Loppinet, B.; Gebel, G. Rodlike colloidal structure of short pendant chain perfluorinated ionomer solutions. Langmuir 1998,
14, 1977-1983. [CrossRef]

Raihane, M.; Ameduri, B. Radical copolymerization of 2,2,2-trifluoroethyl methacrylate with cyano compounds for dielectric
materials: Synthesis and characterization. J. Fluor. Chem. 2006, 127, 391-399. [CrossRef]

Ida, S.; Nishisako, D.; Fujiseki, A.; Kanaoka, S. Thermoresponsive properties of polymer hydrogels induced by copolymerization
of hydrophilic and hydrophobic monomers: Comprehensive study of monomer sequence and water affinity. Soft Matter 2021,
17, 6063-6072. [CrossRef] [PubMed]

Pethkar, S.; Dharmadhikari, ].A.; Athawale, A.A.; Aiyer, R.C.; Vijayamohanan, K. Evidence for second-order optical nonlinearity
in gamma-ray induced partially cross-linked polyacrylonitrile. J. Phy. Chem. B 2001, 105, 5110-5113. [CrossRef]

Lisha Liu, L.; Huang, G.; Kohl, P.A. Anion conducting multiblock copolymers with multiple head-groups. J. Mater. Chem. A 2018,
6, 9000-9008.


http://doi.org/10.1021/ma00185a056
http://doi.org/10.1021/ma001618w
http://doi.org/10.1002/polb.1987.090250704
http://doi.org/10.1021/la9710987
http://doi.org/10.1016/j.jfluchem.2005.12.032
http://doi.org/10.1039/D1SM00596K
http://www.ncbi.nlm.nih.gov/pubmed/34128038
http://doi.org/10.1021/jp003438u

	Introduction 
	Experimental 
	Materials 
	Synthesis of Random Ionomers 
	Fabrication of Random-Ionomer Membranes 
	Characterization 
	Proton Conductivity 
	Reduced Viscosity and Zeta Potential 
	Laser Light Scattering (LLS) 
	Transmission Electron Microscopy (TEM) 
	Ultraviolet-Visible Spectroscopy 


	Results and Discussion 
	Effects of Hydrophobic Modifier Addition on Phase Separation during Copolymerization 
	Influence of Co-Monomer Distribution on Ionomer Solvation in Aqueous Medium 
	Additional Characterizations of the Ternary and Quaternary Ionomer Chains 
	Effect of the TFPM Units on the Proton Conductivity 

	Conclusions 
	References

