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A B S T R A C T

Amphoteric ionomers were synthesized with two different approaches to study the influence of a flexible side
chain containing the functional groups vs grafting of the functional groups directly on the main chain. Poly
(sulfone) was functionalized with 6-aminohexanoic acid (ANF-1) or by successive carboxylation and amination
of the aromatic main chain (ANF-2). The samples were characterized by FTIR and NMR spectroscopies and
thermogravimetric analysis. Acid and base constants were measured by titration. We also determined the hy-
dration and the ionic conductivity for acid, base and zwitterionic forms made by variation of the pH.

The basic forms containing dissociated carboxylic groups and mobile cations showed a higher water uptake
and a higher conductivity. The zwitterionic forms presented a low water uptake for both polyelectrolytes and the
lowest conductivity for ANF-2. The reduced conductivity in acidic conditions of ANF-1, where amine groups
were protonated and only anions were mobile, was related to the position of ammonium moieties inside the side
chain. This work showed how the properties of stimuli-responsive polymers depended on the position of the
functional groups.

1. Introduction

Ion exchange polymers [1,2] are fascinating materials with a wide
variety of applications, ranging from water purification [3,4], sensors
and actuators, non-linear optics [5], biomedical processing [5] to en-
ergy storage and conversion [6–9]. The most prominent ion exchange
groups are sulfonic acid for cation exchangers [10–13] and quaternary
ammonium groups for anion exchangers [14–16]. Amphoteric ionomer
materials contain simultaneously grafted anionic and cationic groups
on the macromolecule. The zwitterionic form is obtained when the
amount of positive and negative charges is balanced (isoelectric point)
[5].

A very attractive feature of amphoteric ion-exchange polymers is
the possibility to control properties related to the ionic charge by
changing the external pH. This allows designing smart stimulus-re-
sponsive soft materials with controlled property dependence [17]. The
consequent activity as anti-fouling materials, preventing adsorption of
organic and biological macromolecules on the surface, [18] is another
important advantage of amphoteric polyelectrolytes. Different fields
can benefit of their use, such as high performance actuators [19], drug

and protein separation [20–22], hemodialysis membranes [23,24],
electrolyte purification by nanofiltration [25], piezodialysis [26], and
water splitting [27,28].

The hydration [29] and ionic conductivity [30] of amphoteric
polymers are particularly sensitive to variations of pH, related to a
variable density of charged ionic groups. Permselectivity [31] can also
be modulated by change of the Donnan potential [1], corresponding to
an excess of positive or negative ionic charges grafted on the polymer
chain. We found a particularly low ion permeability for ampholytic
polymers [3,32].

Amphoteric polymers are prepared by various methods, including
copolymerization of different polymers, radiation grafting [33],
blending of acidic and basic polymers or the assembling of different
layers. We prepared amphoteric ionomers by innovative synthesis
methods, introducing sulfonic acid and sulfonamide groups into poly
(ether ether ketone) [30] or carboxylic and amine groups grafted to a
cross-linkable silica network into polysulfone [34].

In this work, polysulfone (PSU) was functionalized in order to
produce amphoteric polymers, where the ionic groups, carboxylic acid
and alkyl amine, were linked to the main chain or placed on a long side
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chain. This procedure allowed tailoring the ion exchange capacity, but
it should also modify the hydrophilic-hydrophobic nanophase separa-
tion and, consequently, hydration and ionic conduction, as shown re-
cently in other ion exchange membranes [35–36]. For a direct sub-
stitution on the main chain, we used carboxylation by CO2 followed by
chloromethylation and reaction with trimethylamine. For long side
chain functionalization, we applied the chloromethylation route with
direct reaction with 6-aminohexanoic acid.

2. Experimental

2.1. Materials

Polysulfone (PSU) was purchased from UDEL Co. 6-Aminohexanoic
acid (6AHA) and all other products were obtained from Aldrich and
used without further purification.

2.2. Synthesis procedures

2.2.1. Chloromethylated polysulfone
Chloromethylated polysulfone (PSU-CH2Cl) was synthetized from

PSU following the procedure reported elsewhere [37,38]. The chlor-
omethylation degree was DCM=0.7.

2.2.2. ANF-1: Introduction of eCO2H and eNR2 groups by
chloromethylation and substitution with an amino acid

Dried PSU-CH2Cl (2 g, 4.2 meq) was dissolved at RT under N2 in
anhydrous DMSO. KI and K2CO3 were added with a molar ratio PSU-
CH2Cl:KI:K2CO3 1:1:3. The mixture was kept under stirring for 1 h, then
6-aminohexanoic acid (PSU-CH2Cl : 6-AHA 1:3) was slowly added and
the reaction was kept at 70 °C for 3 days. The yellow mixture was
precipitated in ethanol, washed in deionized water and ethanol to re-
move the residual salts. The white powder was dried at 65 °C for 3 days.

1H NMR (DMSO‑d6, acid form: PSU-CH2-NH2
+-

CH2CH2CH2CH2CH2-CO2H) δ=1.0 (NCH2CH2CH2CH2CH2-CO2H, m),
δ=1.5 (NCH2CH2CH2CH2CH2-CO2H, m), δ=1.6 (CH3-PSU, 6H),
δ=1.9 (NCH2CH2CH2CH2CH2-CO2H, m), δ=2.3
(NCH2CH2CH2CH2CH2-CO2H, t), δ=2.6 (NCH2CH2CH2CH2CH2-CO2H,
t), δ=4.2 (PSU-CH2-NH2

+, s, 1.14H), δ=6.75–8.25 (PSU aromatic
region). The degree of functionalization was measured by comparison
between of the area of PSU-CH2-NH2

+ groups and PSU methyl groups
and was 0.57.

Membranes of ANF-1 were obtained using N-methylpyrrolidone
(NMP) as solvent. Typically, 200mg ANF-1 were dissolved in 10mL
NMP under stirring. The solvent was evaporated by heating the solution
in a Petri dish in an oven at 90 °C for 24 h.

2.2.3. ANF-2: Introduction of eCO2H and eNR2 groups by carboxylation
and amination
2.2.3.1. Carboxylation of PSU. After drying over night at 120 °C, PSU
(5 g, 11.3 meq) was dissolved at RT in anhydrous THF (100mL) under
nitrogen flux. The resulting solution (concentration 5%) was cooled to
−50 °C, then n-butyllithium (2.5M in hexane, 9.0meq, 3.6mL) was
slowly added by a self-balancing funnel. During this time, the colour of
the solution changed from uncoloured to red-brown. After 1 h, some
blocks of dry ice were added while the solution was kept under vigorous
stirring. The resulting white solution was slowly warmed to RT and let
standing over night. Carboxylated PSU was precipitated and washed in
2-propanol and then dried at 60 °C for one night.

2.2.3.2. Esterification. The basic form of carboxylated PSU (2.0 g,
4.14meq) was dissolved in DMSO (20mL), then iodomethane
(0.52 mL, 8.28meq) was added in two times every 30min. The
reaction was kept at 80 °C for 1 h. The formed ester was recovered by
precipitating the hot solution in methanol, heating in fresh methanol
and then washing in boiling water.

1H NMR (CDCl3, PSU-CO2CH3) δ=1.6 (CH3-PSU, 6H), δ=3.9
(CH3O, 2.4H), δ=6.75–8.25 (PSU aromatic region). The degree of
carboxylation (DCA) was measured by comparison between of the area
of methyl ester and PSU methyl groups and was DCA=0.80.

2.2.3.3. Chloromethylation of carboxylated and esterificated
PSU. Carboxyl methyl ester PSU (PSU-CO2CH3 1.9 g, 4.24meq), dried
during one night, was dissolved in chloroform (200mL) at RT under N2.
After dissolution, (CH2O)n (1.14 g) and Me3SiCl (4.85 mL) were added.
SnCl4 (0.09 mL in 30mL of chloroform) was then slowly introduced in
two times every 24 h. The solution was stirred under nitrogen flux at
70 °C one week. The ratio PSU-CO2CH3:(CH2O)n:Me3SiCl:SnCl4 was
5:50:50:1. The product was precipitated in methanol. Solubility tests
showed that the sample dissolved in CHCl3 and in DMSO.

1H NMR (CDCl3, PSU-(CO2CH3)CH2Cl) δ=1.6 (CH3-PSU, 6H),
δ=3.9 (CH3O, 2.4H), δ=4.5 (CH2Cl, 1.4H), δ=6.75–8.25 (PSU
aromatic region). The degree of chloromethylation was measured by
comparison between of the area of chloromethyl moiety and PSU me-
thyl groups and was DCM=0.70.

2.2.3.4. Amination of chloromethylated and esterificated PSU. The
chloromethylated and carboxylated methyl ester sample (PSU-
(CO2CH3)CH2Cl, 1.07 g, 2.1 meq) was dissolved in DMSO (40mL)
under N2 at 70 °C. Potassium carbonate and dimethylamine (2M
solution in THF) were then added with a reagent ratio PSU-
(CO2CH3)CH2Cl:K2CO3:DMA=1:2:1.2. The solution was kept under
stirring one week. The aminated sample was precipitated in water.

2.2.3.5. Hydrolysis of carboxylated methyl ester (ANF-2). The previous
sample was dissolved in DMSO at 100 °C under stirring and a 2M NaOH
solution was then added very slowly. After 1 h the solution was cooled
to RT and 1M HCl solution was added until pH=7. The amphoteric
polymer was precipitated and washed in water and then dried in the
oven at 70 °C for 2 days.

The polymer showed a low solubility in DMSO, NMP and other
solvents and membranes cast by these solvents were very brittle.

1H NMR (DMSOd6, acid form: PSU-(CO2H)CH2N+H(CH3)2) δ=1.6
(CH3-PSU, 6H), δ=3.3 (CH3-N+, 4.2H), δ=4.3 (PSU-CH2N+, 1.4H),
δ=6.75–8.25 (PSU aromatic region). The degree of amination (DAM)
was measured by comparison between the area of methylamino groups
and PSU methyl groups and was DAM=0.7. The obtained ratio of
CO2H to NR2 functional groups was 1.1.

2.3. Characterizations

2.3.1. NMR analysis
1H NMR spectra were recorded with a Bruker AVANCE III spectro-

meter operating at 400MHz. DMSO‑d6 and CDCl3 were used as sol-
vents. Chemical shifts (ppm) were referenced to tetramethylsilane
(TMS).

Heteronuclear Single Quantum Spectrum (HSQC) was collected
with the standard Bruker sequence (hsqcetgp). Spectra were processed
by using a squared sine bell and polynomial baseline correction.
Spectral assignments were performed by using spectral simulation
performed with MNova (Mestrelab Research, Spain) in conjunction
with experimental data.

2.3.2. FTIR
FTIR spectra were recorded in transmission mode in the range of

4000–400 cm−1 using a spectrometer Perkin-Elmer Spectrum 100. The
samples were analysed in cesium iodide cells. Spectra were normalized
against a background spectrum.

2.3.3. High-resolution thermogravimetry
The thermal degradation of the polymers was investigated by high

resolution thermogravimetric analysis (TGA Q500, TA Instruments),
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performed between 25 and 550 °C with a maximum heating rate of
3 °C/min under air flux in platinum sample holders.

2.3.4. Acid, basic, and zwitterionic forms; titration
Acid, basic, and zwitterionic forms of the two amphoteric ionomers

were obtained by immersion of the powders in solutions with fixed pH
values.

The acid form was made under stirring in 2M HCl during 24 h. The
samples were filtered, washed several time with deionized water and
dried at 60 °C and over P2O5. For the determination of the acid and base
constants and the isoelectric points, the dry samples were potentio-
metrically titrated with 0.022M NaOH under nitrogen. The pH values
were measured after equilibration of the mixture, which can take up to
24 h.

The total ion exchange capacity (IEC) was obtained by back-titra-
tion. The basic form was prepared by immersion under stirring in 2M
NaOH during 24 h. The samples were repeatedly washed with water
and placed in 5mL of 0.1M HCl for 24 h. The solution was back-titrated
with 0.02M NaOH. The zwitterionic forms were made by immersion in
a solution with the pH of the isoelectric point.

2.3.5. Hydration measurements
The water uptake (WU) was measured at 25 °C on powder samples

exposed 7 days at 100% RH. The wet mass (mwet) was determined by
rapid weighing of the sample in a closed vessel. The dry mass was
measured after drying the sample over P2O5 for 24 h (mdry).

The WU was calculated from the equation:

=

−

WU
m m

m
/% 100*

( )wet dry

dry (1)

2.3.6. Conductivity measurements
The through-plane ionic conductivity was determined between 25

and 80 °C by electrochemical impedance spectroscopy (EIS) in fully
humidified conditions using a Parstat 4000 instrument. The ac voltage
amplitude was 20mV and the frequency range was between 10 Hz and
6MHz. Swagelok cells with cylindrical stainless steel electrodes of
6mm diameter were used.

Measurements were performed on sample membranes and sample
pellets, which were compressed from powders under 1MPa pressure at
room temperature. The through-plane resistance of the samples Rmat

was determined from a non-linear least-square fitting of Nyquist plots
using the Zfit program. The ionic conductivity σ was calculated ac-
cording to the equation:

=σ d
R A·mat (2)

where d was the sample thickness and A=0.28 cm2 the electrode area.

3. Results and discussion

3.1. Synthesis of ANF-1 and ANF-2

The synthetic route for the preparation of ANF-1 is reported in
Fig. 1. It was possible to obtain the γ-aminoacid derivative of PSU in
one-step, starting from the chloromethylated polymer. This simple
strategy allowed the formation of amphoteric ionomers bearing the acid
and basic groups in the same repeat unit and chain. The reaction oc-
cured via a SN2 mechanism in the presence of KI. Iodide ions acted as a
nucleophile on the chloromethyl derivative, generating a more reactive
alkyl iodide that reacted faster with the primary amine.

PSU was chloromethylated using paraformaldehyde and chloro-
trimethylsilane in the presence of a homogeneous Lewis acid catalyst
SnCl4; these synthesis conditions avoided the use of toxic chlor-
omethylating agents [37,39].

This approach allowed obtaining an exact balance between acid and
basic groups in the amphoteric ionomer.

The synthesis of ANF-2 is reported in Fig. 2. The first step was a
hydrogen metal exchange reaction with the formation of an organo-
lithium compound followed by an electrophilic attack of carbon di-
oxide.

The metalation reactions are particularly suitable when the orga-
nometallic species are stabilized by resonance; sulfone groups on the
PSU backbone, which are electron-withdrawing by mesomeric effect,
stabilized and directed the lithiation in the ortho position [40–42].

The ratio PSU/BuLi was 0.8, in order to obtain a degree of car-
boxylation DCA=0.8, as reported by Guiver et al. [43]. The methyl
esterification was performed on carboxylated PSU in order to increase
the polymer solubility and to protect the CO2H group during the fol-
lowing steps. The degree of carboxylation measured by 1H NMR was
indeed DCA=0.8. The methyl ester derivative of carboxylated PSU
was chloromethylated as previously described for the synthesis of ANF-
1. The chloromethylated derivative was aminated with dimethylamine
via a SN2 mechanism in the presence of K2CO3, which was helpful to
trap the hydrochloric acid formed during the reaction. After hydrolysis,
the compound ANF-2 was obtained.

The FTIR spectra of ANF-1 and ANF-2 are shown in Fig. 3 below
1800 cm−1, where the most important peaks are observed.

Typical PSU absorption peaks [16] were present in both ANF-1 and
ANF-2 spectra. Carboxylic acid groups were visible for the amphoteric
samples around 1720 cm−1 (C]O stretch), while the peak at
1630 cm−1, present only in ANF-1 polymer, was due to the NeH
bending of the secondary amine [44]. Bands at 1485 cm−1 were as-
cribed to the scissoring of CH2 and CH3 moieties enhanced by the
skeletal vibration of aromatic hydrocarbons that was visible as a
shoulder around 1460 cm−1. The absorption at 1230 cm−1 was attrib-
uted to the C-N stretch that overlapped with the asym vibration of the
ether linkage in the PSU matrix [45]. The peak at 1050 cm−1 was as-
signed to trisubstituted benzene [46].

The 1H NMR attribution of ANF-1 and ANF-2 are reported in the
Experimental section. Fig. 4 shows the 1H–13C HSQC spectra of ANF-2
with underlined correlation between the peaks.

The hetero-correlation 1H–13C (Fig. 4) showing the coupling espe-
cially between the nitrogen and the benzylic moiety confirmed the
structure of ANF-2.

3.2. Determination of acidic and basic constants

ANF-1 and ANF-2 powders were titrated starting from the acid form,
made by immersion in 1M HCl for 2 days.

Fig. 5 shows the titration curve of ANF-1. After reaction with acid,
the backbone showed an excess positive charge corresponding to the
protonation of the secondary amine. The inflection point in the titration
curve corresponded to the complete neutralization of the carboxylic
acid, which was equivalent to the isoelectric point: the number of po-
sitive (ammonium) and negative charges (carboxylate) was equivalent.
From the curve (Fig. 5) resulted an isoelectric point pI= pH=7.4.

The relation between the isoelectric point and the acid constants of
the carboxylic (Ka1) and ammonium (Ka2) groups was written [47]:

=
+

pI
pK pK

2
a a1 2

(3)

The acid constant of the carboxylic acid was read from the pH at
half neutralization: pKa1= 5.7. According to Eq. (3), the acid constant
of the ammonium group was pKa2= 9.1. The pH at half-neutralization
of the ammonium group (Fig. 5) gave pKa2=9.0, in good agreement
with the previous value.

The total IEC was obtained by back-titration with NaOH. The
IEC= 0.98meq/g corresponded to a degree of functionalization= 0.51
in good agreement with the NMR result (0.57). Given the initial
chloromethylation degree of 0.7 (see experimental), the conversion
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degree was 73%.
For ANF-2, the degree of carboxylation determined by back-titration

was DCA=0.80 and the degree of amination obtained from NMR was
DAM=0.70. We had therefore a slight excess of acidic vs. basic groups.
One should underline that the certitude to have equal amounts of acidic
and basic is an interesting feature of ANF-1.

Patrickios [48] derived equations relating the isoelectric point and
the acid constants, when the number of acidic and basic groups is not
identical. The titration of ANF-2 gave an inflection corresponding to an
isoelectric point: pI= 6.9. The acid constant determined at half neu-
tralization was pKa1=4.4, which is similar to the pKa of benzoic acid
(pKa=4.2). The calculated pKa2 of the ammonium group according to
Eq. (3) was 9.4, very similar to the pKa of benzylamine (9.34 [49],
corresponding to a basic constant of the amine: pKb=4.6. The pKa
value for ANF-1 and ANF-2 reflect the general trend observed for ali-
phatic and aromatic acids: the latter present a higher acidity than the
aliphatic ones. The values of amine groups for the two samples were in
agreement with the higher basicity of secondary amines. The higher pH
of the isoelectric point for ANF-2 respected this trend and was also
associated to the slightly higher quantity of the acidic functions.
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3.3. Thermogravimetric analysis

The high-resolution thermograms in Fig. 6 showed the different
behaviour of the two compounds. The decomposition of ANF-1 started
above 330 °C with the loss of ammonium groups together with the
complete side chain. The decomposition of ANF-2 occurred in steps
with the removal of the carboxylic groups occurring around 250 °C,
followed by the loss of the secondary amine around 350 °C. The de-
composition of the PSU main chain occurred above 400 °C for both
samples. The higher decomposition temperature for ANF-2 was attrib-
uted to the formation of macromolecular cross-links as observed in the
pyrolysis of carboxylated aromatic polymers [50].

3.4. Water uptake and ionic conductivity

The water uptake of acidic, basic and zwitterionic forms of ANF-1
and ANF-2 is reported in Fig. 7. The hydration depends on the ioniza-
tion of the functional groups. In the acid form, the ionomers are Cl-

conductors, due to the protonation of the amine groups. The dissocia-
tion of the carboxylic acid is in fact very low (around 1%). In the basic
form, the carboxylic acid is neutralized and the ionomers are K+ con-
ducting. In the zwitterionic form, the ionic conductivity depends on the
distance between ionic groups. If they are near (typically below the
distance corresponding to Manning condensation [51], the ionic groups
are undissociated or form ion pairs (such as carboxylate-ammonium). If
the distance is larger, both anions and cations can conduct.

The higher water uptake of the basic forms is in agreement with the
higher hydration of K+ and grafted CO2

– (basic form) in comparison
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O
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Fig. 4. 1H–13C HSQC spectrum of ANF-2.
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with Cl- and grafted NR3H+ (acid form) [38,52]. The zwitterionic form
has the lowest water uptake showing a low concentration of free ions.
The generally larger water uptake observed for ANF-1 might be at-
tributed to the flexible side chain containing the carboxylic group at the
chain end, allowing a better hydrophilic-hydrophobic nanophase se-
paration, as discussed recently [53].

The ionic conductivity of ANF-1 and ANF-2 at various temperatures
is reported in Table 1. The ionic conductivity of ANF-2 is in agreement
with the expectation: the zwitterionic form shows the lowest value,
corresponding to a low amount of mobile ions, whereas the highest
conductivity is observed for the basic form containing mobile K+ ions
and presenting the highest water uptake.

We have previously shown the importance of the hydration for the
ion conduction, due to the improvement of the ion mobility in the
presence of water [54]. The activation energy is slightly lower for the
K+-conducting basic form, but the values are slightly higher than other
cation-and anion-conducting ionomers [55].

The data for ANF-1 are more surprising, because the lowest con-
ductivity is observed for the acidic form, confirmed by several mea-
surements. The activation energies are consistently much below those
for ANF-2 and in good agreement with the literature [55,56]. One
possible explanation is the presence of a flexible aliphatic side chain,
like in Nafion-type ionomers [10].

The low conductivity of the acid form of ANF-1 can be related to the
particular structure of the polymer, considering that nitrogen is

protonated and only the anions conduct. It was recently reported that
the conductivity of AEM is very dependent on the position where the
ammonium groups are grafted and the length of the side chain [57].
Jannasch and co-workers found that ionomers with the ammonium
group in benzylic position and a long spacer showed the lowest con-
ductivity which was linked to poor ion cluster formation [53]. Instead,
ionomers with ion conducting groups at the end of long side chains
presented the highest ion conductivity. We assume that similar effect
can justify the low conductivity of the acid form and the large con-
ductivity of the basic form of ANF-1, where the carboxylic group is at
the end of the side chain (Fig. 8).

4. Conclusions

In this work, we studied two model cases of amphoteric ionomers:
(1) in ANF-1, acid and basic groups were both in the flexible amino acid
side chain, (2) in ANF-2, acid and basic groups were separately tethered
on the backbone. Hydration and ionic conductivity were dependent on
the type and amount of ionic groups and pH-dependent. The basic form,
containing fixed carboxylate and mobile K+ ions, presented the largest
water uptake and ion conductivity, especially in the ionomer with the
carboxylic group at the end of the side chain, probably due to the best
nanophase separation. The acid form of ANF-1, containing ammonium
ions in benzylic position and mobile Cl- ions, presented the lowest
conductivity showing the negative effect of the extender chain linked to
N+, as reported previously for anion exchange polymers. In ANF-2, the
lowest conductivity was observed, as expected, for the zwitterionic
form. This work emphasised that the properties of amphoteric ionomers
were very dependent on the position of the ionic groups.
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Table 1
Ionic conductivity σ (through-plane) and activation energy (EA) of ANF-1 and
ANF-2 in acidic, basic and zwitterionic forms.

σ/S cm−1

ANF 1 ANF 2

T/K Acidic Basic Zwitter Acidic Basic Zwitter

298 1.4 · 10−6 1.5 · 10−5 6.2 · 10−6 1.2 · 10−6 5.6 · 10−6 7.2 · 10−7

313 1.6 · 10−6 3.2 · 10−5 7.8 · 10−6 3.5 · 10−6 1.0 · 10−5 6.2 · 10−7

333 3.0 · 10−6 4.1 · 10−5 9.5 · 10−6 8.2 · 10−6 2.1 · 10−5 –
353 3.2 · 10−6 4.5 · 10−5 1.0 · 10−5 1.5 · 10−5 4.4 · 10−5 –
EA/eV 0.16 0.17 0.09 0.41 0.34 –

Fig. 8. Schematic representation of the acid form with mobile chlorine ions (green) of: (left) ANF-1 and (right) ANF-2. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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