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Abstract

We report the electrochemical synthesis of proton- and hydroxide-conducting ionomers. Sulfonated
poly(phenyl ether) with various degree of functionalization was synthesized starting from a precursor
isomer mixture or from pure ortho- or para-hydroxybenzenesulfonic acid. The ionic conductivity can
be related to the different ion exchange capacity of the ionomers. Two hydroxide-conducting ionomers
were prepared from (N-allyl-N-benzyl-N,N-dimethyl)ammonium iodide (ABDMA) or N-(p-
vinylbenzyl)-N,N,N-trimethylammonium chloride (VBTMA). The ionic conductivity of VBTMA
polymer is two orders of magnitude higher than that of ABDMA. This result can be explained by the
different structure of the two polymers, which changes the ion mobility drastically. The electrochemical
synthesis of ionomers is a promising research field, where many advances can be made by clever choice

of highly functionalized precursor monomers with appropriate positions of the ionic groups.
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1. Introduction

Ion exchange polymers are fascinating materials with a wide range of applications, including to name
but a few, electrochemical energy storage and conversion [1-4], water purification by ultrafiltration or
electrodialysis [5-7], or sensors and actuators [8, 9]. In ionomers, a nanophase separation is generally
observed with hydrophobic domains containing the ionomer backbone (often perfluorinated aliphatic
[10-12] or aromatic hydrocarbon chains [13-17]) and nanometric channels containing the dissociated
ions and a solvent with high dielectric constant, typically water [18-20]. The interface between the two
domains contains the anchored ionic groups (such as sulfonate anions for proton-conducting ionomers
or ammonium cations for hydroxide-conducting ionomers).

Proton [21, 22] and hydroxide [23, 24] conducting ionomers are particularly important as separation
membranes for hydrogen fuel cell applications [25, 26]. To be useful, such membranes must fulfil many
requirements, including a high mechanical stability [27, 28], means high stiffness and sufficient ductility,
and a good chemical stability, for hydroxide-conducting ionomers especially a good stability against
OH’ ions, which tend to attack the grafted ammonium groups [29-31]. These prerequisites should
enable a high durability [32] under fuel cell operation conditions. However, the prime requirement for a
good ionomer membrane is a low Area Specific Resistance (ASR).

There are two strategies to reduce the Area Specific Resistance (ASR) and increase the performances of
solid electrolyte devices: the first is to increase the ionic conductivity and the second is to reduce the
thickness of the ionomer separator. Many authors have worked on the improvement of the ionic
conductivity of ionomers. Two main ways of improvement can be followed: i) augment the ion
concentration, ii) augment the ion mobility. The ion concentration can be increased by synthesis of
ionomers with higher ion exchange capacity [33, 34|, means higher density of ionic groups or lower
mass of the backbone. Furthermore, a better dissociation of ionic groups or ion pairs also improves the
mobile ion concentration [35]. The ion mobility has been studied especially in proton-conducting
ionomers [36-39]. Our own work shows that the ionic conductivity can be significantly enhanced by
optimisation of the hydration conditions and using the memory effect of ionomers [40-42].

A reduction of the ionomer separator thickness requires finding a technique, which can deposit a
continuous, pore-free layer with good reproducibility even for a very low thickness. Self-limiting
conditions of formation can be particularly attractive, because they guarantee a good reproducibility of
the separator thickness. Although physical vapour deposition techniques have been successfully
developed for inorganic solid ion conductors [43, 44|, they are difficult to implement for ionomers,

although some reports have been published [45].



In this work, we show that the electropolymerisation can be a very attractive technique for the synthesis
of thin ionomer separators. Electrodeposition techniques have been developed for various polymers
[46-50], including copolymer electrolytes [51-53]; it is here used for the first time for ionomers.

The advantages of electropolymerisation include: i) thin deposition (self-limiting process), ii) high IEC
(100% functionalization of the monomers is possible), iii) conformal deposition (even on complicated
electrode geometries, like nanotubes [51]), iv) flexible and adjustable by changing the electrochemical
parameters, v) fast, economical and scalable process.

Electropolymerisation can be made under anodic (oxidizing) or cathodic (reducing) conditions,
depending on the precursor monomer and the electrode type. On metallic electrodes, both anodic and
cathodic electrodeposition are possible; on semiconductors, it depends on the majority dopant type and
illumination can be used. Figure 1 shows some electropolymerizable monomers: whereas phenol
derivatives can be polymerized under anodic conditions with formation of ether-linked macromolecular
chains, styrene and allylbenzene derivatives can be polymerized under anodic as well as cathodic
conditions, due to the attack of the double bond, giving aliphatic chains with pendant phenyl groups.
The ionomeric groups, such as sulfonic acid or ammonium groups, are typically grafted on the aromatic
rings, where they can be introduced in the monomers for example by electrophilic aromatic
substitution (sulfonic acid) or by chloromethylation followed by amination (ammonium).

We will present in the following the electrosynthesis of a proton-conducting ionomer, sulfonated
poly(phenyl ether) (SPPE), and two hydroxide-conducting ionomers, poly(allyl benzyl dimethyl
ammonium) chloride (ABDMA) and poly(vinyl benzyl trimethylammonium) chloride (VBTMA).
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Figure 1. Some appropriate monomers for the electropolymerisation of proton- and hydroxide-

conducting ionomers.



2. Experimental

2.1. Precursors for sulfonated poly(phenyl ether) (SPPE)

Lsomer mixture

Phenol (Sigma—Aldrich) and concentrated sulfuric acid (98%, Fisher Science) were used as received
without further purification. Sulfonated phenol (isomer mixtures) was prepared by dissolving 4.7 g
phenol (0.05 mol) in concentrated sulfuric acid (10 ml, about 0.2 mol) and stirring at room
temperature for 3 h. The obtained solution was diluted to 1 L and directly used for the

electropolymerization.

Pure isomers

o-hydroxyphenylsulfonic acid: phenol reacted in 10 M sulfuric acid at 20 °C for 1.5 h. These conditions
(low temperature, short time, high concentration) gave pure o-isomer.

p-hydroxyphenylsulfonic acid: the reaction was made in 2.5 M sulfuric acid at 100 °C for 3 h. 100% p-
isomer was obtained using higher temperature, longer time, lower concentration.

After reaction, the solutions were neutralized by sodium hydroxide and the precipitates filtered, washed

rapidly with cold ethanol and dried at 60 °C for 24 h.

2.2. Precursors for ionomers containing quaternary ammonium groups

N-(p-vinylbenzyl)-N,N,N-trimethylammonium chloride (VBTMA) was purchased from Sigma Aldrich
(99%).

Synthesis of (N-allyl-N-benzyl-IN,N-dinmethyl)ammonium iodide (ABDMN.A)

(N-allyl-N-benzyl)amine (5 mmol, 96 %, TCI) was dissolved in ethyl acetate (25 mL, Aldrich, ACS
grade). Iodomethane (1.55 mL, 25 mmol, 97 %, Aldrich) and anhydrous potassium carbonate (3.45 g,
25 mmol, Aldrich) were added and the mixture was stirred for 20 hours at room temperature.

The reaction mixture was filtered and washed with ethyl acetate (2 x 25 mL). The solid was dissolved in
ethanol (100 mL), the excess of potassium carbonate filtered and the residual solvent was evaporated (2

mbar, 50 °C). This purification procedure was repeated twice.

2.2. Electropolymerization



The electropolymerization reactions were studied by Cyclic Voltammetry (CV) and
chronoamperometry using a potentiostat/galvanostat (BioLogic VP300) and a conventional three-
electrode cell. The counter electrode was a Pt sheet facing a glassy carbon or stainless steel working
electrode. A saturated Ag/AgCl electrode was used as reference; all potentals are referred to it. All
experiments were carried out at room temperature and atmosphere.

For proton exchange polymers, the CV was performed in an anodic potential range between 0.7 and
1.4 V with a scan rate of 20 mV/s and the chronoamperometric tests at a constant voltage of 1.3 V.
For the electropolymerization from pure isomers, 0.05 M solutions were prepared with H.SO, (0.2 M)
as supporting electrolyte. The diluted sulfonation medium containing sulfuric acid was directly used for
the electropolymerization from the isomer mixture (see above).

For anion exchange polymers, after many preliminary tests, the best results were obtained on glassy
carbon with a dimethylsulfoxide (DMSO) solution containing 10> M of VBTMA or ABDMA
precursor and 0.25 M of LiClO4. CV was typically performed in a cathodic potential range between -1.0
and -2.1 V vs. Ag/AgCl with a scan rate of 20 mV/s.

2.3. Characterization

"H NMR spectra were recorded with a Bruker Avance 400 spectrometer operating at 400.13 MHz.
Chemical shifts (ppm) are referenced to tetramethylsilane (TMS). FTIR spectra were observed using a
Perkin  Elmer instrument. Electrochemical Impedance Spectroscopy (EIS, BioLogic VP300)
measurements of the cell were performed before and after the electropolymerisation. The impedance
spectra were recorded between 1 Hz to 1 MHz with an oscillating voltage amplitude of 20 mV. The

thickness of the ionomer layer was determined using a micrometer (Mitutoyo IP65).

3. Results

3.1. Electropolymerization of proton-conducting ionomer: SPPE

Figure 2 shows typical cyclovoltammograms of the electropolymerisation of SPPE from pure o- and p-
hydroxybenzenesulfonic acid [54]. In order to avoid anodic side reactions, especially the oxygen
evolution reaction (OER), the anodic potential range was kept below 1.4 V vs Ag/AgCl, where OER
should not occur in aqueous media, and acidic conditions were applied, which increases the Nernst
potential.

The decrease of the current density with the cycle number is due to the increase of the electrode
resistance by the formation of the resistive continuous SPPE layer. The ionomer electrodeposition is
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thus a self-limiting process giving thin ionomer separators. One notices a much larger current density

for the o-isomer, which can be related to the polymerisation mechanism (see below).

1.4
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Figure 2. Cyclovoltammograms of the electropolymerization of SPPE from pure o- or p-isomers on

glassy carbon. The cycle numbers are indicated.

The electropolymerisation from an isomer mixture (60 % p-isomer, 20 % o-isomer, 20 % unsulfonated
phenol) gave a peak current density between 0.3 (steel) and 0.4 mA/cm’ (carbon) [55]. The peak
current density for the isomer mixture on carbon is in good agreement with the value calculated using
the peak current densities of the pure isomers from Figure 2 and the concentrations of the two isomers
in the mixture. The dependence on the electrode material emphasizes the importance of the interfacial
bonds between the electrode and the ionomer, which modifies the overpotential for the deposition.

Figure 3 shows a comparison of NMR spectra of two SPPE polymers obtained starting from a
sulfonated phenol isomer mixture (Fig. 3a) and from pure o-precursor (Fig. 3b). The peaks are slightly
shifted due to the use of different solvents. Both spectra show the typical pattern of tri-substituted
phenyl rings with peaks due to the hydrogen atom singlet (A and B signals) on the aromatic ring
bearing sulfonic groups, indicating the occurrence of the polymerization reaction in the activated
positions. The spectrum 3a also shows the different products (o and p-polymers) obtained starting

from the phenol reaction mixture.
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Figure 3. '"H NMR spectra of SPPE obtained by electropolymetization from a) phenol sulfonation
reaction mixture (DMSO-dg), b) pure o-hydroxybenzenesulfonic acid (D,O)

The spectrum 3b indicates that the polymerization of the pure o-isomer leads principally to the linear
sulfonated p-poly(phenyl ether), as shown by the presence of three main signals A, B, and C at 8.3, 7.5
and 6.8 ppm. Other minor peaks in the spectrum at 7.6 and 6.9 ppm are probably due to a low quantity

of o-polymerization leading to some branching (sulfonated p and o-poly(phenyl ether)).
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Figure 4. Mechanism of the electropolymerization of SPPE from a) pure o-precursor b) pure p-

precursor and from c) precursor mixture.

The linear SPPE appears sterically clearly favoured, which probably explains its easier formation and

the higher current densities observed in Figure 2.
3.2. Electropolymerization of hydroxide-conducting ionomers

Figure 5 shows typical cyclovoltammograms corresponding to the electropolymerisation of ABDMA
and VBTMA [56]. In order to avoid as much as possible the hydrogen evolution reaction (HER) in
cathodic conditions, the amount of protons was limited as much as possible. The deposition was
therefore made under dry nitrogen and in presence of Li salt as supporting electrolyte.

The peak current density decreases with the cycle number due to the formation of a continuous
resistive ionomer layer. The cathodic current density is much larger for VBTMA than for ABDMA

showing an easier polymerisation mechanism for the former. In cathodic conditions, the
8



polymerization starts by the reduction of the vinylic or allylic double bond with formation of a radical
anion, which is stabilized by mesomeric effect with the phenyl group for VBTMA. This resonance is

not possible in ABDMA, because it is interrupted by the ammonium group [56].
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Figure 5. Cyclovoltammograms of the electropolymerization of ABDMA and VBTMA on glassy

carbon.

"H NMR spectra of electropolymerized ABDMA and ABDMA monomer help to establish the
electropolymerization mechanism and the ionomer structure. Note the disappearance of the signals of
protons associated to the double bond after polymerization. In the spectrum of the precursor (Fig. 6a),
one can distinguish the characteristic signals of the allyl system (A, 5.8 ppm and B, 5.9 ppm), where the
terminal protons experience a different magnetic environment. The signal C (4.4 ppm) is due to the
methylene group between ammonium and double bond moieties, whereas the singlet of the methylene
group between ammonium and phenyl moieties is shifted to lower field (E, 5.1 ppm). The other signals
correspond to the N-methyl protons (D, 3.0 ppm) and to the aromatic protons (F,G,H, 7.5 ppm). The
spectrum of electrodeposited ABDMA (Fig. 6b) displays a very different pattern with broad peaks
typically observed in a polymer. New peaks due to aliphatic polymer main chain protons appear in the
high field region (A, 1.6 ppm and B, 0.9 ppm), while signals C and E, ascribed to methylene groups
both near the ammonium atom, are centred at 4.8 ppm. N-methyl protons (D, 3.2 ppm) and aromatic
protons (F,G,H, centred at 7.6 ppm) show similar chemical shifts with those observed in the case of
the precursor. The signal I (0.7 ppm) can be ascribed to the terminal methyl group. From the ratio of
its area and the area of aromatic protons (5H), it is possible to estimate a chain length of 30 repeat units

that correspond to an average molecular weight of around 5300 g/mol.
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Figure 6. "H NMR spectra (DMSO-dg) of 2) ABDMA precursor; b) electropolymerized ionomer.

Figure 7 shows the FTIR spectrum of electropolymerized VBTMA. The peak assignments in Table 1

reveal the absence of signals around 1630 cm™ due to the styrene moiety, which are present in the

starting material, confirming the formation of the polymer.
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Figure 7. FTIR spectrum of electropolymerized VBTMA.
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Table 1. Peak assignments of FTIR spectrum of electropolymerized VBTMA.

Wavenumber (cm™) Assignments [57-59]

3370 OH stretching

3077 CH stretching, aromatic

3015 CH stretching, quaternary ammonium
2969 CH; stretching, quaternary ammonium
1482 C-N asymmetric stretching +

aliphatic CH, bending (scissoring)
1452 CH: bending (polymer) +
C=C bending aromatic ring

1416 CH: bending quaternary ammonium
1226-1007 CH aromatic in-plane bending
968-933 C-H aromatic out of plane bending +
C-N asymmetric stretching
871 C-H out of plane bending di-substituted aromatic ring
836 C-H aromatic out-of plane
725 CH; aliphatic rocking

4. Discussion

4. 1. Ionic conductivity

In general, one ion predominates the ionic conductivity of a solid. In ionomers, the transference
number of the mobile ions is near unity, because the counter-ions are anchored on the macromolecular
chain. The ionic conductivity ¢ can be written as a product of the ion charge ¢; the ion concentration ¢
and the ion mobility #.[60]
0 = q;CiU; Q)

In ionomers, the ion concentration is related to the ion exchange capacity (IEC), but the degree of
dissociation of the ionic groups and the formation of ion pairs must be taken into account. The latter is
also related to the so-called Manning condensation [61], which limits the density of ionisable groups in
a polyelectrolyte. Below a certain average distance (very similar to the association distance in the
Bjerrum theory, typically below 1 nm [62]), the ionic groups do not dissociate. The ion mobility is
related to several factors, including solvation (especially hydration in aqueous solutions), the size and
tortuosity [63], [64] of the ion conduction network and its percolation threshold [14, 42, 65]. The latter
factors are determined by the nanophase separation between hydrophobic and hydrophilic domains in

the ionomer [66-68].
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In the outlined electrochemical synthesis, the ion concentration can be tuned using precursors with
various degrees of functionalization. For SPPE, the degree of sulfonation (DS) can be varied between 1
(for fully sulfonated o-precursor isomer) to about 0.6 (for the precursor mixture, containing about 20
% unsulfonated phenol and 20 % p-precursor that polymerizes slowly).

Assuming that the sulfonic acid groups are fully dissociated, one can expect an about double proton
conductivity for the fully functionalized SPPE: the experiment verifies this expectation (¢(DS = 1) = 6
mS/cm [54], 6(DS = 0.6) = 3 mS/cm [69]).

The effect of the ion mobility can be very impressively observed in the hydroxide-conducting ionomers
made by electrochemical synthesis [56]. Although ABDMA and VBTMA polymers were made with
fully functionalized precursors, the hydroxide ion conductivity of VBTMA is about two orders of
magnitude higher (6(VBTMA) = 3 mS/cm, s(ABDMA) = 0.03 mS/cm) emphasizing the importance
of the position of ionic groups on the aromatic ring (ABDMA and VBTMA monomers are isomers!).
To understand this result, we must have a look at the ionomer structures, shown in Figure 8. Here, we
observe that while the ammonium groups are aligned on the outside of the macromolecular chains of
VBTMA, they are instead placed in sterically unfavourable positions in ABDMA. One can foresee that
the former structure facilitates the nanophase separation and reduces the percolation threshold and the
tortuosity of the conduction network. Another factor influencing the ion mobility is the hydration: we
have studied the enhancement of the ion mobility by better hydration both for proton- [41] as well as
for anion-conducting [70] ionomers. It will be the subject of further investigations for electrochemically
prepared ionomers.

CH,

H,C
Nt

2%

Figure 8. Ionomer structures: a) VBTMA and b) ABDMA.
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4. 2. Outlook on other ions: lithium ion-conducting polymers

The electrochemical synthesis of ionomers is obviously not limited to proton and hydroxide-
conducting materials, but other ions can be explored using appropriate precursors or performing the
electrosynthesis in the presence of the desired ions, which can be added to the supporting electrolyte.

We have successfully attempted the electrodeposition of Li ion-conducting polymers on nanostructured
electrodes, including sulfonated poly(allyl phenyl ether) (SPAPE [71]) and poly(styrene sulfonate) (PSS
[72]). The microbattery tests showed performances among the best in literature in terms of both

specific energy and power densities.

5. Conclusions

Eletropolymerization of ionomers is an innovative method for the preparation of thin, conformal and
highly functionalized ion-conducting separators. In this work, we present the electrosynthesis of a
proton-conducting polymer, sulfonated poly(phenyl ether) (SPPE), and hydroxide-conducting
polymers, poly(allyl benzyl dimethyl ammonium) hydroxide (ABDMA) and poly(vinyl benzyl
trimethylammonium) hydroxide (VBTMA). The ion conductivity can be enhanced by a high degree of
functionalization, leading to a high ion exchange capacity. The ion mobility, which is related to the
percolation threshold and tortuosity of the ion-conducting channel network, can be enhanced by a
better nanophase separation, related to the position of the ionic groups. Other ion-conducting
separators can be prepared by clever choice of the ionic groups or by adding the desired ions to the

supporting electrolyte.
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