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NAFION – benchmark in the FC 

industry (between 500 and 800 

$/m2); price, safety, T limitations → 

drawbacks!

Proton Exchange Membrane Fuel Cells

Perfluorosulfonate semicrystalline ionomers (PFSI’s) –

commercially successful

Crystallinity – 25% to 35%

Tg – 90–120 oC ; Tm – 230–250 oC

New materials –

microscale phase separation – hydrophilic domains and hydrophobic regions

→ high proton conductivity & good chemical and mechanical stability



NAFION – nanoscale structure
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NAFION 
nanoscale structure –
still disputed
(SAS investigations) 

Grundlagen - Brennstoffzelle 
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Coated Membrane (CCM) bezeichnet wird. Die sogenannten Bipolar- oder Gasverteilerplatten 
begrenzen die Zelle von beiden Seiten und sorgen für Zufuhr der Edukte und Abfuhr der Produkte. In 
Abbildung 2.1 ist dieser schematische Aufbau einer PEMFC-Zelleinheit skizziert. In der automobilen 
Praxis werden mehrere hunderte solcher Zellen zu einem sogenannten Stack gestapelt. 

2.2.1.1 Die Polymerelektrolytmembran (PEM) der PEMFC   
Aufgabe der Polymerelektrolytmembran (PEM) ist der Transport der an der Elektrodenschicht der 
Anode bei der Oxidation von Wasserstoff generierten Protonen zur Kathode. Gleichzeitig soll sie 
elektrisch isolierend und gasundurchlässig sein, um so die räumliche Trennung der Teilreaktionen zu 
garantieren. Zur Gewährleistung einer für den automobilen Einsatz erforderlichen Lebensdauer von 
mehreren tausend Betriebsstunden unter wechselnden Betriebsbedingungen ist darüber hinaus die 
chemische und mechanische Stabilität der Membran kritisch.    
Aus diesen Gründen werden schon seit Jahrzehnten nahezu ausschließlich perfluorosulfonierte 
Ionomere (PFSIs) verwendet. Die ohne Zweifel bekanntesten Vertreter dieser Gattung sind die 
Nafion®-Membranen der Firma DuPontTM, deren Struktur in Abbildung 2.2 zu sehen ist. Zwar 
existieren mittlerweile eine Vielzahl von chemisch sehr ähnlichen Typen verschiedener Hersteller; 
allen charakteristisch ist jedoch das hydrophobe Grundgerüst aus Polytetrafluorethylen (PTFE), 
welches mit Seitenketten versehen ist, an deren Ende eine hydrophile Sulfonsäure-Gruppe 
angelagert ist. Durch Unterschiede in Struktur und Länge der Seitenkette sowie dem 
durchschnittlichen Abstand zwischen den Seitenketten ergeben sich im Detail dennoch erhebliche 
Unterschiede in Mikrostruktur, mechanischem Verhalten und Funktionalität. Die für die Funktion 
zentrale Protonenleitfähigkeit variiert dabei in Abhängigkeit der Feuchte um mehrere 
Größenordnungen. Aufgrund des mit dem Protonentransport verbundenen elektroosmotischen 
Flusses können im Betrieb Feuchtegradienten entstehen, denen Diffusion entgegenwirkt. Da die 
Protonenleitung durch die Membran einen wesentlichen Ohmschen Verlust induziert, wird 
kontinuierlich an einer Reduzierung der Membrandicken gearbeitet. Stand der Technik sind daher 
mittlerweile Membrandicken zwischen 10 und 25 μm. Um dennoch eine hinreichende mechanische 
Stabilität zu erreichen und gleichzeitig die erheblichen feuchteabhängigen Dimensionsänderungen 
als maßgebliche Versagensursache zu minimieren, sind heutige kommerzielle Membranen zumeist 
mit Verstärkungen wie aus porösem expandierten PTFE (ePTFE) versehen. Weiterhin wird daran 
gearbeitet, durch entsprechende Additive die Leitfähigkeit bei niedriger Feuchte zu erhöhen und die 
chemische Degradation der Membranen durch im Betrieb entstehende Wasserstoff- oder 
Hydroxylradikale zu vermindern. 

          
Abbildung 2.2: Struktur der Nafion®-Membran [2;S.32] 
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Proton Exchange Membrane Fuel Cells are 
considered to be the most promising system for 
electric power generation. The heart of these cells 
is made of a polymeric solid electrolyte which has 
to satisfy several features: high ionic (protonic) 
conductivity (10-2-10-1 S.cm-1), excellent chemical 
and electrochemical stability (>5000 h), low 
permeability to reactants (p<10-15 m2s-1Pa-1), and 
stable mechanical properties over a wide range of 
water content (0-30% wt) and temperature           
(0-100°C) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Figure 1. Schematic view of a Hydrogen fuel cell. 

 
Nafion1™, a perfluoro-sulfonated ionomer 
membrane is the benchmark material in terms of 
performance and stability, at least in stationary 
operation conditions. Although numerous studies 
are performed on alternative membranes, blends 
and composites (organic-inorganic system), all 
results are systematically compared to Nafion 
membranes. However the Nafion structural models 
are mainly based on the Eisenberg2 description 
which considers ionic clusters dispersed in a 
hydrophobic polymeric matrix (in order to reduce 
the total free energy of the system). Based on the 
assumption that this cluster picture is correct, 
different models3 of aqueous membrane swelling 
were developed to explain data from structural 
studies, aqueous sorption and swelling, ionic 
conductivity, etc. A considerable effort has been 
made in the last few years in order to understand 
the underlying conduction processes, with the 
objective to ameliorate the membrane 
performances for industrial applications. However, 
few studies have been designed to explore the 
structural and transport evolution at different 

length scales taking into account the complete 
hydration processes 
 
 
 
 
 
 
 
 
Figure 2. Representation of dry (left) and swollen (right) 
ionic clusters in an ionomer bulk system. 
 
Recent developments in x-ray and neutron 
scattering techniques permit us to obtain high 
resolution data over an extended angular range and 
to define more accurate model. In parallel, the 
application of microscopy techniques such as the 
atomic force or electronic microscopies also reveal 
important information about the membrane 
structure. It is clear that both the microscopy and 
scattering data must be correlated to validate the 
proposed models. From this analysis, a new 
structural model of Nafion4 (applicable to other 
perfluorinated ionomer systems) has recently been 
developed in our laboratory. It describes Nafion 
membrane as an aggregation of polymeric chains 
forming elongated objects (simplified as 
cylinders), embedded in a continuous ionic 
medium. At larger scales, those aggregates form 
bundles, characterised by an orientation order 
between the aggregates. This new insight of a 
multi-scale structure can explain the membrane 
swelling process from dry state to the colloidal 
suspension, in a continuous way. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. New insight of a Nafion membrane multi-
scale structure. 
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The thermogravimetric (TGA) measurements were con-

ductedbyaTG50Mettleranalytical balance (0.01mgprecision).
Proton conductivity of membranes was determined from

lateral resistance of membranes that was measured using
a four-points-probe electrochemical impedance spectroscopy
technique [16].

Impedancemeasurements were performed in liquid water.
The cell was equipped with two platinum foils outer current-
carrying electrodes and two platinum wires inner potential-
sensing electrodes. The inner electrodes had a diameter of
0.8 mm and were placed at a distance of 0.42 cm. Impedance
measurement was performed using a Solartron SI 1280B

electrochemical impedance analyzer. The instrument was
used in galvanostatic mode with AC current amplitude of
0.01 mA over a frequency range from 0.1 to 20000 Hz. The
complex impedance was reported in Bode plots with log
frequency on the x-axis and both the absolute value of the
impedance and phase-shift on the y-axis. The resistance of
samples was obtained using the absolute value of the
impedance in the frequency range where it was approxi-
mately constant and the phase angle was close to zero. Then,
the proton conductivity s was calculated using the equation:

s ¼
L

R"A

where R is the resistance value extracted by Bode plots as
described above, L is the distance between the inner elec-
trodes and A is the cross-sectional area of the membrane [17].

Before measurement, membrane samples were cut into
strips approximately 1.0 cmwide, 2 cm long and 0.02 cm thick
and immersed in distilled water for 2 h at room temperature.
Then it was blotted and mounted in the Conductivity Cell.

Oxidation stability was evaluated by the Fenton test [24a].
Pieces of membranes of 2 cm " 1 cm were immersed in 3%
H2O2 containing 4 ppm of Fe2þ at 80 $C for 30 min.

3. Results and discussion

3.1. Water uptake and proton conductivity of
semicrystalline s-PS films sulfonated in the amorphous
phase

The solid-state sulfonation procedure, described in the
experimental section and in more detail in Refs. [13], which
utilizes a bulky sulfonating agent (the lauroyl sulfate, which
cannot be included as guest into the nanoporous d phase) in
a small solvent (chloroform, suitable as guest of the d phase),
when applied to d form samples leads to an efficient and
uniform phenyl ring sulfonation only in the amorphous
phase, without disturbing the polymer crystallinity [13]. The
same procedure is not efficient in the presence of dense and
thermodynamically stable b crystalline phase, leading to
a sulfonation confined to thin surface layers. Hence, a nano-

porous crystalline phases, being highly permeable to the
solvent (chloroform) [18] used for the sulfonation procedure, is
required to facilitate the diffusion of the reactants and as
a consequence to the uniformity of the solid-state sulfonation.

The water uptake and the proton conductivity of the
prepared membranes are reported versus the sulfonation

degree (S ), in Fig. 1(A) and 1(B), respectively. Themaintenance

of the crystalline d phase, already observed for the analogous
samples of Ref. [13b], has been clearly confirmed by X-ray
diffraction patterns like those of Fig. 2A and B, corresponding
to the membranes with S ¼ 45% and 9%, respectively. The
intense diffraction peaks corresponding to the (010) reflec-
tions (Fig. 2B), clearly indicates the occurrence of the nano-
porous d crystalline phase and of its uniplanar ajjcjj orientation
(i.e., an orientation of the a and c unit cell axis of Fig. 3A
preferentially parallel to the film plane) [14].

3.2. Semicrystalline s-PS films sulfonated in the
amorphous phase, exhibiting the trans-planar crystalline
phases

The d phase of s-PS, whose crystalline structure is shown in
Fig. 3A, exhibit an unusual low density (rd ¼ 0.977 g/cm3), even

lower than the density of the amorphous phase (ram z 1.04 g/
cm3),and is thermallyunstable. In fact, thisphase,aswellas the
related co-crystalline phases, is transformed by thermal treat-
ments in the temperature range 100e130 $C into the dense
helical g phase, which in turn in the temperature range
170e190 $Cgenerally transforms into thea crystallinephase [4].

The a phase, whose crystal structure is reported in Fig. 3B,
exhibits trans-planar polymer chains rather than helical

Fig. 1 e Water uptake (A) and proton conductivity (B) at
31.5$ and in liquid water of s-PS memebranes, exhibiting
the d crystalline phase, as a function of the sulfonation
degree (S). Lines are drawn to guide the eyes.
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amorphous due to the random arrangement of the pendant phenyl groups, while 

syndiotactic and isotactic polystyrene, having more regular structures, exhibit 

crystallinity.   
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Polymers form into thin lamellar crystallites through a chain folding process, with their 

backbones oriented along one of the crystal axes, typically the c-axis.  Chains may pack 

with zig-zag (all trans) or helical conformations of the backbone.  Polyethylene, the 

largest volume commercial thermoplastic, arranges into an orthorhombic crystal with 

chains aligned along the c-axis in a zig-zag conformation (Fig. 8).6 
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Figure 7. The three stereoisomers of PS: isotactic, syndiotactic, and atactic.  Atactic polystyrene 
does not crystallize, due to the random placement of its side groups. 

Figure 8. Crystal structure of polyethylene.
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Figures removed due to copyright restrictions.
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s-sPS / fullerenes composite membranes

- Fenton’s test – improved oxidation 
resistance

- solution-cast composite membrane holds 
the fullerene more tightly than doped 

membrane

Sulfonated sPS (s-sPS) with fullerenes

Saga et al., J. Power Sources 2008 5

0.5 w% C60 in composite membrane
with Nafion – C60 aggregates

Tasaki et al., J. Membr. Sci. 2006; Polymer 2007

composite membranes – improved
conductivity



Uni-axially deformed films 

Deuterated films à casting à uniaxially stretching at 200% à sulfonation
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Fiber as prepared:
            a form
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PGNAA (neutron activation) → degree of 

sulfonation (variable, 20 – 50%)

Ionic Exchange Capacity (IEC) (25 oC)

~2.14 [meq/g] 

comparable with commercial PEMs. 

*Wup-take ~ 120 %

**Wcontent ~ 55 %
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-] 31
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M.M. Schiavone, Solid State Ionics 2018



Small-angle neutron scattering
soft matter

contrast variation & matching 
in hydrocarbon system

M. Castellanos et al., Comput. Struct. Biotechnol. J. 2017 7

biophysics



SANS diffractometers
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KWS-2 @ MLZ in-situ control of RH (5% to
95%) and T (RT to 80 oC )

A. Radulescu et al., J. Vis. Exp. 2016; J. Appl. Cryst. 2015

TAIKAN (BL-15) 
@ J-PARC

S. Takata et al. et al., JPS Conf. Proc. 2015



Uni-axially deformed sPS films
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uni-axially deformed sulfonated & 
deuterated sPS films needed!

M.M. Schiavone, A. Radulescu et al., Solid State Ionics 2018
M.M. Schiavone, A.Radulescu et al., Membranes 2019
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s-sPS: membrane robustness
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95%50% - 80% 85% 10%RH

M.M. Schiavone, A. Radulescu et al., Solid State Ionics 2018T. Hashimoto et al., Macromolecules 1985

H2O vapors

TEM
liquid H2O

stretching



Model: amorphous bulk & lamellar stacks
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nitrogen atmosphere.
The polymerization run was carried out in a 250mL glass flask

provided with a magnetic stirrer and thermostated at 40 °C in an oil
bath. The reactor was charged under nitrogen sequentially with toluene
(7mL), dried MAO (14 · 10−3 mol), and styrene-d8 (28mL). A solution
obtained by dissolving Cp*TiCl3 (5.4 · 10−3 g) in toluene (3mL) was
then added to the reactor via syringe to initiate the polymerization. The
polymerization was stopped after 12 h by injecting acidified methanol.

The polymer was recovered by filtration, washed with fresh me-
thanol, and dried in vacuo at 60 °C. The yield was 3.5 g. The polymer
fraction insoluble in methyl-ethyl-ketone was 95%.

Molecular weights (Mw and Mn) and polydispersity (Mw/Mn) were
determined by high temperature gel permeation chromatography
(GPC). All analyses were performed with a Waters Alliance 2000 liquid
chromatograph. The GPC columns were eluted with 1,2,4-tri-
chlorobenzene (TBC) at 140 °C at 1.0 mL/min and were calibrated using
monodisperse polystyrene standards. The deuterated syndiotactic
polystyrene used in this work presents a weight-average molar mass Mw

of 822,300 g/mol with a dispersity index Mw/Mn=1.63.

2.2. Sample preparation

All the protonated and deuterated solvents used for the preparation
of the samples (chloroform, dodecanoic acid, chlorosulfonic acid and
acetone) were purchased from Sigma-Aldrich and used without any
further purification. Even the deuterated solvents purchased from
Armar Chemicals were used as received.

Uni-axially oriented δ-clathrate d8-sPS/toluene samples were ob-
tained by exposure of oriented samples in the α-phase to toluene at
room temperature for one week, keeping fixed the ends of the spe-
cimen. Fibers of the α-form were obtained by drawing un-oriented α-
form samples, stretching twice on a hot plate at a temperature in the
range 105–110 °C. Un-oriented α-form specimens were prepared in a
hot press by melting at 270 °C and successive rapid cooling in a bath of
water and ice. Un-oriented δ-form clathrate samples have been ob-
tained by casting a polymer-chloroform solution onto a glass substrate
to form a film. The solution was prepared at 2 wt% and then heating up
to about 70 °C for 1 h until complete polymer dissolution. The solution

was subsequently poured into a Petri's dish, so allowing the partial
evaporation of the solvent and the obtainment of the cast film directly
in the δ co-crystalline form with CHCl3 as guest molecule. The thickness
of the cast and drawn films was about 50–100 μm.

The deuterated s-PS films was functionalized using as sulfonation
reagent a solution of 0.2M acyl sulfate in deuterated chloroform,
soaking films directly in the prepared solution for 2 h at about 50 °C,
adopting a procedure similar to that one reported in [61]. Afterwards,
the samples were removed from the solution and quickly dipped in
acetone for few minutes to remove traces of impurities (due to the
possible remnants of the sulfonation procedures) and dried to the air
under the fume-hood for 24 h. The acyl sulfate was prepared by mixing
at room temperature a molar ratio (1:1) of dodecanoic acid and
chlorosulfonic acid under nitrogen atmosphere for a time of 24 h. Acyl
sulfate, despite its toxicity, is preferred to other, mostly more efficient
sulfonating agents (such as SO3, SO3 in H2SO4, chlorosulfuric acid)
mainly because it practically does not cause degradation of the polymer
chain and does not lead to the sulfone formation and hence to cross-
linking [62].

The s-sPS films were subsequently subjected to guest exchange
procedure [60] to exchange the chloroform and acetone guest mole-
cules trapped in the cages between the sPS helices with other kind of
molecules, in a controlled way. Deuterated toluene (d-Tol) or proto-
nated toluene (h-Tol) were loaded by dipping the films in solvents for
about 1 day, to vary the neutron scattering length density (SLD) of the
crystalline regions and to enable variation of the neutron contrast be-
tween the amorphous and crystalline domains of the samples. Further
on, selected samples were hydrated by direct immersion in solutions of
H2O and D2O at different ratios. The hydration affected only the
amorphous regions of the samples, varying further the neutron scat-
tering contrast between different regions of the samples.

2.3. Fourier-transformed infrared spectrometry (FTIR)

The qualitative and quantitative analysis of the degree of sulfona-
tion of the samples was checked by FTIR and neutrons PGAA. FTIR
spectra were obtained at a resolution of 2.0 cm−1 with a PerkinElmer
(Spectrum Two) spectrometer equipped with a deuterated triglycine

Fig. 1. Schematic view of the experimental SANS approaches used for the investigation of the s-sPS films: left – cast films consisting of randomly oriented lamellar
stacks and bulk amorphous regions; the cast films produced isotropic scattering patterns on the two-dimensional position sensitive detector; right – uni-axially
deformed films which produce on the detector clearly separated inter-lamellar peaks due to orientation of the lamellar stacks along the deformation axis. The lamellar
stacks contain crystalline lamellae and inter-lamellar amorphous domains.
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This results in a lower intensity and a broadening of higher order peaks
in SANS curves. Melt-drawn high-density polyethylene lamellar
morphologies have been successfully characterized using the para-
crystalline structure factor proposed by Hosemann [81,82] combined
with the form factor of a rectangular density profile [83].

Fig. 7 presents also the result of the fitting of the meridian data
using the superposition of a contribution from the isotropic spherical
cluster-like morphology and a contribution from the oriented lamellar
stacks, as it is described above. The parameters characterizing the
spherical cluster-like morphology (the radius R and the forward scat-
tering I0sph) were considered fixed, as determined from the fit of the
equatorial data. The free parameters were the thickness (d) and the
forward scattering (I0lam) of the correlated lamellae together with the
inter-lamellar distance (LD) and its dispersity (σD). Infinitely large la-
mellae in the lateral direction were considered, as long as the lateral
size of the lamellae should be outside the range of lengths covered by
the experiment.

A Q−3 power law was considered in both the meridian and the
equatorial cases at low Q. The instrument resolution was taken into
account and the polydispersity of the spherical size (R) and lamellar
thickness (d) were considered. It can be observed that the experimental
curves are pretty well described by the fitted model curves which de-
livered a size of the spherical cluster-like morphology of R=55Å and a
lamellar thickness of d=62Å with an inter-lamellar distance of about
LD=180 Å characterized by a dispersity of σD= 54 Å. Both spherical
clusters and lamellae are polydisperse in size (15%). The data inter-
pretation in terms of these models also revealed the nature of the Q2*
scattering feature: it seems that the hump observed in Figs. 4 and 5 at
around Q≅ 0.1 Å−1 can be ascribed to a high-Q form factor detail that
is smeared out by the size polydispersity of different morphologies and
the instrumental resolution.

Finally, the peak-like feature Q3* observed in all patters and high Q
was included in the fit procedure as a Gaussian function that delivered
the peak position and its width.

One should note here that the scattering pattern obtained after the
averaging of data on meridian sectors (Fig. 7b) can be described by
other functions, like for example a spherical form factor with an ap-
propriate three-dimensional structure factor described by the hard-
sphere model. Nevertheless, following the combined analysis of the
observations done by SANS, WAXS and FTIR on clathrated and clath-
rated/sulfonated films the presence of the crystalline lamellae oriented

and correlated over distances LD's is certain and the peaks observed in
the meridian sectors can be ascribed to inter-lamellar correlations be-
tween the oriented lamellae. Similar large inter-lamellar correlations,
up to 200 Å, were observed in combined SAXS/WAXS investigations on
different crystalline phases of different semi-crystalline polymeric sys-
tems [83–85].

3.3. SANS on hydrated films

Hydration of films drastically changes the two-dimensional scat-
tering patterns. Fig. 8 shows in parallel the results from a dry and hy-
drated s-sPS film either with D2O or H2O. The film was initially clath-
rate with h-Tol. The inter-lamellar peak that was clearly observed in the
pattern from the dry film disappears from the meridian sector due to
hydration while another strong “butterfly like” scattering feature ap-
pears along equatorial sector. In contrast, no qualitative change be-
tween scattering patterns in the two states of hydration could be ob-
served. Variation of the H2O/D2O ratio in hydrating water or of the H/D
type of guest molecule in the clathrates do not change qualitatively the
scattering patterns as well, but only affects the intensity level due to
monotonous variation of the contrast between the amorphous and
crystalline regions of the sample.

In order to check the distribution of water molecules within the
inter-lamellar and bulk amorphous regions we carried out SANS in-
vestigations on samples exposed to variable RH by using the humidity
cell. In this setup the samples were placed in beam with the deforma-
tion axis horizontally, due to the geometry enabled by the sample
holder. Therefore, all scattering features appear rotated with 90° com-
pared to the cases presented in Figs. 6–8. First, a guest free s-sPS film (γ-
phase) was tested. In Fig. 9 the scattering patterns collected on dry and
hydrated γ-phase s-sPS system is presented for two different contrast
conditions, provided by using either H2O or D2O.

Data analyzed on equatorial and meridian directions are shown in
parallel. Snapshots of 1min were acquired in this case. The sample
hydration from the dry state to 75% RH was completed in ca. 5 min, as
estimated from the observed saturation of the intensity. The peak in-
tensity increases or decreases compared to the dry state, as depending
whether one uses H2O or D2O, as expected from the variation of the
contrast between the crystalline and hydrated amorphous regions. The
peak position does not change with the variation of the contrast. This
would be indicative for water accumulation mostly in the bulk

Fig. 7. One-dimensional SANS pattern from a uni-axially deformed film clathrate with h-Tol and sulfonated obtained from the data averaging on equatorial sectors
(a) and meridian sectors (b). The symbols indicate the experimentally measured data, while the lines indicate the model curves as following: full line (line 4 in panel
b) – the overall fit of the experimental data, including the Gaussian fit of the high-Q peak (Q3* feature); dashed blue line (1) – the fitted spherical form-factor of the
spherical cluster-like morphology (Eq. (4)); dotted red line (2) – the fitted scattering contribution from the lamellar stacks (combining form-factor and structure-
factor, Eqs. (5)–(6)); dashed red line (3) - the fitted scattering contribution from the lamellae, Eq. (5) (neglecting the structure factor effect from the arrangement in
stacks, Eq. (6)). (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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M.M. Schiavone, A. Radulescu et al., Solid State Ionics 2018

A. Radulescu, L.J. Fetters, D. Richter, Adv. Polym. Sci. 2008
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Extended Q-range – high-Q regime
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guest exchange in sPS

h-Tol in d-sPS

d-Tol in d-sPS

1m detection

high-Q observations –
preservation of crystalline 
regions during chemical 
treatment & hydration

4m detection

ionomer
peak

010 
reflection

M.M. Schiavone, A. Radulescu, et al., Membranes 2019
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Extended Q-range SANS
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III – interlamellar
peak

(meridian)

II – ionomer 
peak

(isotropic)

I – 010 crystalline 
peak (equator)

- adjustable neutron SLD of 
amorphous (hydration) & crystalline 
(guest exchange) regions

- overlap with XRD & ND range

M.M. Schiavone, et al., Solid State Ionics 2018, Membranes 2019

KWS-2: lenses + pinhole Þ Q: 0.0001 – 1.0 Å-1 at the same instrument 

RH=80%



High sulfonation: RH variation
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(fwater)inter-lam < (fwater)bulk

high sulfonation degree (40%) Þ
correlated water domains (RH)

high crystallinity

M.M. Schiavone, A. Radulescu et al., Membranes 2019

xion = 2p / Qion

rint

rlam

rbulk



Low sulfonation: contrast variation
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low sulfonation 
degree (20%) 
Þ isolated 
water domains

low crystallinity 
RH=80%

M.M. Schiavone, A. Radulescu et al., Membranes 2019
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the films was about 100 Pm. To vary the neutron scattering contrast, either deuterated or protonated 130 
toluene were loaded as guest in the clathrate form, either before or after sulfonation, by dipping the 131 
films for 1 day in solvent, followed by drying at 40 °C under vacuum for a couple of hours. 132 
Fullerenes C60 or C70 were uploaded in some of the s-sPS membranes by dipping the samples for 133 
more than three weeks in saturated solution of fullerenes and protonated toluene. Two selected 134 
films of different composition were subjected during the SANS experiments to in-situ controlled 135 
hydration under vapors of different H2O/D2O mixtures, by using a humidity chamber [23]. All 136 
reagents were purchased from Sigma-Aldrich and used as received. The D2O was obtained from 137 
Cambridge Isotope Laboratories (purity D 99.8%).  138 

 139 

2.2. Methods 140 
 141 
The degree of sulfonation was checked at the neutron prompt-gamma activation analysis 142 

(PGAA) instrument of Technical University München (TUM) installed at the Heinz Maier-Leibnitz 143 
Zentrum (MLZ), Garching, Germany. Description of the experimental method and data 144 
interpretation can be found in [23].  145 

Qualitative and quantitative analysis of the sulfonation, the loading with fullerenes and the 146 
crystallinity of the s-sPS films was checked by FTIR using a PerkinElmer (Spectrum Two) 147 
spectrometer equipped with a TGS detector. The scanned wavenumber range was 4000 - 400 cm-1. 148 

WAXD analysis of sulfonated films with and without fullerenes added was done prior to the 149 
SANS experiments in the range of 2T between 5° and 35° by means of an X-ray powder 150 
diffractometer Brucker 2nd Gen-D2 Phaser (Cu-source) of Jülich Centre for Neutron Science (JCNS) at 151 
MLZ.   152 

UV-Vis analysis of the same films was carried out with a Cary 100 SCAN UV-Vis Varian 153 
spectrometer of JCNS at MLZ with the films placed in a specific holder with quartz windows. The 154 
spectra were collected in the range 200-800 nm at a resolution of 100 nm/min.  155 

Preliminary SANS measurements were carried out at the KWS-2 high intensity / extended-Q 156 
range pinhole SANS diffractometer of JCNS at MLZ [27]. A Q-range between 0.02 and 0.7 Å-1 was 157 
covered in this preparatory experiments by using two sample-to-detector distances, LD=1.5 m and 4 158 
m and a neutron wavelength O=4.5 Å. The film samples were placed in beam by means of 159 
sandwich-type cells with Quarz windows.  160 

 161 
Table 1. The calculated SLD for different components of the s-sPS films. 162 

 
Compound 

SLD,  
x1010 cm-2  

sPS (crystalline) 6.47 
sPS (amorphous) 6.00 

s-sPS (amorphous) 6.34 
-SO3H 1.32 (1.1 >28@) 
D2O 6.38 
H2O -0.56 
d-Tol 5.66 
h-Tol 0.94 
C60 5.50 
C70 5.67 

 163 

Extended Q-range SANS experiments have been performed at the time-of-flight (TOF) SANS 164 
diffractometer TAIKAN, at the Material and Life Science Experimental Facility (MLF) of the Japan 165 
Proton Accelerator Research Facility (J-PARC), Tokai, Japan [29]. A Q-range between 0.008 and 2 Å-1 166 
was covered by using a broad neutron wavelength range O = 0.7 to 7.8 Å and the simultaneous use of 167 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2019                   doi:10.20944/preprints201909.0328.v1



Temperature effect
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with increasing temperature:
- low water desorption
- small decrease in the ionic correlation length
- same effect observed on sPS uni-axially

deformed films

RH = 10%

RH = 60%

20 oC

20 oC

60 oC

80 oC

20 oC
before
sulfonation

after 
sulfonation

sulfonated, 
no fullerenes

composite membranes - C70 (0.5 wt%) 



Conductivity vs. hydrated paths
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T increases:
- in liquid phase: large increase in 

conductivity – large continuous water
paths (channels)

- RH = 80%: moderate water desorption
(SANS) vs. large drop in conductivity –
interrupted water paths (polymer chains?)

hydration / 
temperature

s
mS/cm

morphology hydrated domains

liq. phase, 30 °C 180 cylindrical, channels
liq. phase, 80 °C 450 cylindrical, channels

RH 50%, 30 °C 1.5 spherical, partially interconnected
clusters

RH 70%, 30 °C 10 spherical, interconnected clusters
RH 80%, 30 °C 19 spherical, interconnected clusters
RH 80%, 60 °C 1.2 spherical, partially interconnected

clusters

composite membranes

RH increases:             
clusters Þ channels (1D)

ongoing study
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