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ABSTRACT: We report on the dependence of proton conductivity on the morphologies of sulfonated
polystyrene—poly(methyl methacrylate) (sSPS—PMMA) diblock copolymers. Three different diblock copolymers
of varying molecular weight and block volume fraction were studied, and for each one several sulfonation degrees
of the PS block were considered. The investigation of the morphologies of the self-assembled sSPS—PMMA
diblocks was carried out in both dry samples and samples saturated with water, by means of small angle neutron
scattering (SANS), transmission electron microscopy (TEM) and cryoTEM. Depending on molecular weight and
sulfonation degrees, isotropic phase (ISO), lamellar phases (LAM), cylindrical hexagonal phase (HEX) and
hexagonally perforated lamellae (HPL) were observed. The lamellar morphologies underwent marked volume
expansion upon water pick up, while negligible swelling was detected for the other morphologies. Proton
conductivity was measured in both the dry and wet states, the latter conditions resulting in an enhancement of
conductivity up to 3 orders of magnitude. In particular it was shown that the conductivity, normalized by the
volume fraction of the conductive domains (formed by PS, sPS and water), rises monotonically with the content
of sulfonic groups, and with the following sequence of morphologies: ISO — HEX — HPL — LAM, accompanied

by discontinuities in correspondence of order-to-order and order—disorder transitions.

1. Introduction

Ton exchange films are of prime interest as solid electrolytes
for applications such as fuel cell, water treatment and related
proton transport applications. Mechanical and chemical stability,
combined to high ionic selectivity and transport efficiency are
fundamental requirements for such applications. Because hy-
drophobic domains are usually responsible for mechanical
stability while the hydrophilic domains provide transport
capabilities, a compromise has generally to be found in the
design of efficient proton conductive membranes.

During the last three decades, a considerable amount of
studies has been dedicated to the understanding of the correlation
between the morphology and the transport properties in ionomer
materials and most often with specific regard to Nafion™ which
remains up today the reference material for membranes used in
fuel cell applications.' ™ Despite all the studies devoted to the
subject, however, the morphology of Nafion remains a point of
high debate due to the difficulty of probing the structure at the
length scale of few nanometers on this poorly ordered mate-
rial."* More recently the use of block copolymers has been
proposed as model systems for a better control of the morphol-
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ogy and consequently, to gain a better understanding on the
proton transport mechanisms.®™°

A vast range of proton conductive block copolymer systems
have been studied, including partially or fully sulfonated
polystyrene: partially sulfonated poly(styrene-b-[ethylene-co-
butylene]-b-styrene) copolymer (S—SEBS),'""' sulfonated
poly(styrene-b-isobutylene-b-styrene) block copolymer (S—
SIBS),*” sulfonated hydrogenated poly(butadiene-b-styrene)
diblock copolymer (S-HPBS),?>?' sulfonated poly(styrene-b-
[ethylene-co-propylene]) (S—SEP),>>* sulfonated poly(styrene-
b-ethylene/propylene-b-styrene) (S—SEPS),?* sulfonated poly-
([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) block
copolymers (P[VDF-co-HFP]-b-SPS),”*>2® sulfonated poly-
(styrene-b-methylbutylene) (SPS-b-PMB).®

It is well-known that in regular block copolymers, varying
the volume fraction of the blocks and the segregation parameter,
leads to controlled morphologies such as lamellae, hexagonal
packed cylinders, bicontinuous double gyroid, close packed
spheres, etc.?”-*® The structural studies performed on ionomer
block copolymers, however, have revealed systematic incon-
sistencies with the regular theory on the block copolymers (phase
diagram). Although the main sources of differences between
standard and ionomer block copolymers may be found on the
polyelectrolytic nature of the proton conductive block, the
physics of self-assembly and the structure—properties relation-
ship in this class of block copolymers has not yet been
completely rationalized.

The aim of the present study is to bring new insight on the
effect of the controlled addition of proton donating ionic
moieties in the self-assembly of block copolymers. We have
restricted our investigation to polystyrene-block-poly (methyl
methacrylate) block copolymers, and have investigated the
influence of the volume fraction between the two blocks as well
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Table 1. Characteristics of PS-b>-PMMA Used in This Study

series M, (g/mol) MyIM, dps (vol %)
S1 20,000 1.05 52.7
S2 52,500 1.09 21.8
S3 78,000 1.06 15.5

“ Assuming additivity of volumes and the densities of PS and PMMA
at room temperature pps of 1.05 g/cm? and ppuma of 1.17 g/em?,
respectively.*®

as the degree of sulfonation of the polystyrene block. The
relationship between proton conductivity and the structure of
the block copolymers in bulk is given and discussed.

2. Experimental Section

2.1. Materials. Three diblock copolymers of polystyrene-block-
poly(methyl methacrylate) labeled as S1, S2 and S3 were purchased
from Polymer Source Inc. (see Table 1 for their number-average
molecular weights (M,), polydispersities (M,/M,) and volume
fractions of the PS block (¢ ps)). Analytical sulfuric acid (98%),
acetic anhydride and 1,2-dichloroethane were purchased by VWR
(Germany) and used without further purification.

2.2. Sulfonation Procedure. Sulfonation of the PS block of the
diblock copolymers was carried readapting a protocol reported in
previous literature>>® and consists of the following steps: first
PMMA-PS solutions are prepared dissolving the desired diblock
copolymer into a common solvent for both blocks: 1,2-dichloro-
ethane. In a typical synthesis, 0.5 g of the desired block copolymer
is dissolved into 30 mL of 1,2-dichloroethane under vigorous
stirring, and the so-obtained solution is maintained at 40 °C under
reflux of an inert gas (Ar). Then, 2 mL of acetic anhydride are
diluted into 5 mL of 1,2-dichloroethane at O °C under Argon flow
into a parallel round-bottom flask. Then 1 mL of sulfuric acid is
added slowly to this solution, resulting in the desired sulfonation
agent solution: acetyl sulfate in 1,2-dichloroethane.>® The 1,2-
dichloroethane is used to decrease the viscosity of this solution,
and it is preferable to prepare this acetyl sulfate solution with a
small excess of acetic anhydride to inhibit the activity of any
residual water possibly present in the reaction. The acetyl sulfate
solution thus obtained is added dropwise to the block copolymer
solution. Aliquots of the obtained solution are quenched into water
and dried at different time ¢ controlling the degree of sulfonation
of the polystyrene block. The sulfonation times ¢ used for all the
series were 1.5, 5, and 10 h. The corresponding sulfonation degrees
were successively precisely quantified by means of 'H NMR
analysis (see Table 2).>>*® The samples were divided into three
series (S1, S2, and S3), based on the original PS-b-PMMA block
copolymers used for the sulfonation. Within each series, the
numbers X (i.e., S1_x) is used to identify the sulfonation degree,
and thus, rank their sulfonic groups content. For S1_34, the
minimum content of sulfonic group (34%) is estimated by linear
extrapolation from S1_10 and S1_20 data.

2.3. Water Uptake Measurement Protocol. Water uptake by
weight was measured with an analytic balance (Mettler Toledo,
model AG 204). The vapor-annealed samples (15—20 mg) were
first equilibrated within saturated water vapor for 6 days. The
samples were then removed and immediately weighted yielding
the wet weight (W,)). Then after drying at 60 °C for 24 h under
ultra high vacuum (1078 mbar), the samples were weighted yielding
the dry weight (W,). The weight uptake was calculated by the
following equation: water uptake (%) = 100 (W,, — Wy)/W,,.

2.4. Annealing Procedures. Samples were annealed following
two different procedures, thermally or through solvent vapor.
Thermally annealed samples were prepared by annealing the block
copolymer samples at 160 °C for 48 h under ultra high vacuum
(107® mbar). Vapor-annealed samples were prepared by casting 1
wt % THF solutions onto quartz substrates as films (with a thickness
of ca. 100—300 um). Then the films were kept in saturated THF
vapor at room temperature for 48 h and subsequently thermally
annealed at 70 °C (e.g., lower than glass transition of PS and
PMMA) for ca. 24 h under ultrahigh vacuum.
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2.5. Transmission Electron Microscopy (TEM) and Cryo-
TEM. After being glued on microtome sample holder tips, samples
were cryo-sectioned by a diamond knife with a Leica Ultracut UCT
ultramicrotome at ca. —20 °C. The sections with a thickness of 50
nm were collected onto 400 mesh copper grids and then stained
by RuOy for 20 min. The sections prepared as such were ready for
TEM study on dry samples. Transmission electron microscopy
(TEM) images were obtained with a Philips TEM (CM 100)
instrument operating at a voltage of 80kV. For cryo-TEM study
on wet samples, unstained sections were exposed to saturated water
vapor environment at room temperature for 48 h, then aqueous 0.5%
solution of ruthenium tetraoxide was added and sections were
stained for 30 min. This protocol allows staining the sPS and PS
domains after water pick up has reached a saturation in the samples,
e.g. without interfering with the swelling of the samples. After
staining, sections were transferred to a water-vapor saturated
environmental chamber FEI vitrobot, and vitrified in a mixture of
liquid ethane/propane (—180 °C). Vitrified samples were cryo-
transferred into FEI Tecnai 12 transmission electron microscope
using Gatan 910 cryo-transfer holder, whose temperature was
maintained at —185 °C. Samples were imaged by TEM operated
at an acceleration voltage of 120 kV using bright field mode.
Micrographs were recorded using Gatan UltraScan 1000 camera
having CCD size of 2048 x 2048 pixels.

2.6. Small Angle Neutron Scattering (SANS). Small-angle
neutron scattering (SANS) measurements were performed at the
Swiss spallation neutron source SINQ (PSI, Villigen) on the SANS
II beam line. Vapor-annealed samples were laid into 1 mm-thick
Hellma quartz cell. Both dry films and films swollen in deuterated
water (for at least 12 h before measurement) were investigated by
SANS. The data were collected by a two-dimensional detector
located at three different sample-to-detector distances: 1.2, 2, and
6 m, respectively, with corresponding neutron wavelengths of 4.55,
4.55, and 6.37 A and collimation tubes of 2, 2, and 6 m. Raw data
were corrected for empty cell, solvent-filled cell, sample-filled cell
and electronic noise background by using standard procedures. Data
were then azimuthally averaged to get the scattering intensity, /, in
arbitrary unit, versus the scattering vector ¢ (nm~!) defined as
q=47/A[sin(6/2)], with 6 the scattering angle.

2.7. Proton Conductivity Measurements. AC proton conduc-
tivity was measured via electric bridge measurement with an
oscilloscope (HP 54540C). Samples were casted as films (with the
thickness of 100~500 um) from 1 wt % THF solutions onto glass
substrates, which were partially sputtered by gold with a mask to
yield four electrodes for four-probe conductivity measurements.
After casting, the films underwent the exact same annealing
conditions used for TEM and SANS samples, that is: (a) dry films
were kept in saturated THF vapor at room temperature for 48 h
and thermally annealed at 70 °C for ca. 24 h in vacuum; (b) the
wet samples were prepared by further exposing the films with
saturated water vapor at room temperature for 48 h. An alternating
voltage of ~1 V was applied at a constant frequency of 50 Hz.
Equation G=0A/! is used to obtain the conductivity (o), where G
is the conductance, A is the cross-sectional area, and / is the gold
electrode fixed distance.

3. Results and Discussion

For PS-b-PMMA diblock copolymers, the Flory—Huggins
interaction parameter y, was measured by Russell et al.*® to be
% = 0.028 + 0.002 + (3.9 £ 0.06)/T, where T is the absolute
temperature. At 120 °C, which is the lowest thermal annealing
temperature used in the present study, due to the glass transitions
of PS and PMMA, the product yN for the block copolymer S1
is 7.4. According to mean-field phase diagram®’ the block
copolymer should lie in the disordered state. This was also
confirmed by separate small-angle X-ray scattering measure-
ments and the TEM images (not shown in the present paper).
However, after sulfonation, it shows ordered lamellar structures,
provided that the sulfonation degree is high enough. Figure 1
shows the TEM image of the thermally annealed S1_34, whose
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Table 2. Morphologies and Wet Conductivity of Block Copolymers Used in This Study

morphologies

vapor annealing

samples IEC (mmol/g) water uptake (%) conductivity (S/cm) thermal annealing dry swollen
S1_0 0 - 9.1 x 1077 disorder disorder disorder
S1_10 0.547 7.4 1.6 x 1074 disorder disorder disorder
S1.20 1.66 48 4.0 x 1073 disorder lamellar lamellar
S1_34 - - lamellar lamellar -

S2 0 0 - 8.5 x 1077 disorder disorder disorder
S2 11 0.174 4.8 22 x 1073 disorder disorder disorder
S2_17 0.353 11.7 1.3 x 107 disorder hexagonal hexagonal
S2_35 0.766 18 3.6 x 1074 disorder HPL HPL
S3_0 0 - 9.9 x 1077 disorder disorder disorder
S3.9 0.147 3 1.8 x 107 disorder disorder disorder
S3_15 0.264 10.6 4.0 x 1072 disorder disorder disorder
S3_37 0.564 17.5 1.8 x 107* disorder HPL HPL

sulfonation degree has reached a minimum of 34%. Although
onset of degradation is observed (change in color from transpar-
ent to brownish), a lamellar phase is shown where the sPS-co-
PS blocks selectively stained by RuOy4 appear dark, while the
PMMA blocks appear white. A similar sulfonation-induced
ordering effect on the microsctructure was also observed by
Mani et al. in other block copolymer systems.>' The most
plausible reason that can be advanced for this sulfonation-
induced ordering is an increased Flory—Huggins interaction
parameter y with consequent increase in the degree of segrega-
tion yN in sPS-co-PS-b-PMMA, with respect to PS-PMMA.

In order to promote microphase separation without possible
degradation occurring from the presence of sulfonic groups at
high temperatures, the samples were kept in saturated THF vapor
at room temperature for 48 h. Then the samples were dried at
70 °C (well below the T, of each block) for ca. 24 h in vacuum
to remove all residual solvent. THF was expected to promote
the molecular mobility at low temperature. Furthermore, the
segregation parameter is expected be to larger at lower tem-
peratures, which should also favor microphase separation as
compared to thermal annealing at temperatures above the T, of
all components. The TEM images for the ordered samples
observed after vapor annealing are shown in Figure 2. As shown
in Figure 2a, the sulfonated S1_20 (IEC =1.66 mmol/g) showed
a lamellar structure. In particular, this sample lays within the
disordered state after annealing at 160 °C whereas it shows
lamellar ordering after vapor annealing. Similarly, although all
the sulfonated S2 and S3 samples were in the isotropic
disordered state after thermal annealing, the vapor-annealing

Figure 1. TEM image of S1_34 after annealing at 160 °C for 48 h.

samples microphase separated when the sulfonation degree
reached values of 17% and 35% for series 2 and 37% for series
3 (check Table 2 for the corresponding IEC). A careful analysis
of Figures 2b-d, reveals hexagonal-packed cylinders for samples
S2_17, and hexagonally perforated lamellae (HPL) for S2_35
and S3_37. The attribution of the morphologies to HPL phases
is based on the inversion of the contrast (black cylinders —
white cylinders) occurring in the images and the presence of
two main periodicities in the images (attributed to the period
between lamellae and the period between perforating cylinders,
respectively).

Although HPL in diblock copolymers has been reported on
thin films with preferential wetting surfaces,*” the existence of
HPL in pure diblock copolymers in bulk is not thermodynami-
cally possible, as it corresponds to metastable local minima of
the total free energy. Nevertheless, HPL phases in bulk diblock
copolymers have been observed despite very long annealing
times in block copolymers of the type polypropylene-block-
poly(ethylene-co-propylene)*® or polystyrene-block-poly(ethylene-
co-propylene)! in which one of the two blocks consists of a
statistic block with A and B species, exactly as in the present
case (e.g., styrene and sulfonated styrene). Other examples of
HPL phases have been reported in supramolecular complexes
of phenolated alkyl tails with PS-5-P,VP block copolymers®*
in which, high annealing temperatures may partially break the
hydrogen bonding between the phenol and P4VP groups leading
to nonstoichimetric complexation. The resulting partially com-
plexed PV2P block can also be assimilated to a random
copolymer of A and B species, which again bears similarities
with the system presently investigated here, as one block is a
random copolymer, giving an architecture of the type A-co-B-
block-C.

Parts a, b, and ¢ of Figures 3 present the SANS spectra
measured on vapor-annealed samples for series S1, S2, and S3,
respectively. The intensities are relatively weak due to a poor
contrast between the PMMA and the PS domains, with
respective scattering length density of 1.05 x 10' and
1.41 x 10" cm+cm™3. We are focusing on the peak visible
between 0.2 and 0.4 nm~!. For all three series, the neat
PS—PMMA prior to sulfonation shows no peak, in agreement
with isotropic disordered homogeneous phases. Apart from
sample, S1_10, however, a peak appears in all the series, as
soon as sulfonation is carried out on the block copolymers. This
would suggest that for the S2 and S3 series, microphase
separation is initiated already at an earlier sulfonation stage than
what is detectable using solely TEM microscopy. The SANS
peak is shifting toward small angles as the sulfonation degree
is increasing, as could be expected due to the increase in the
volume of the sulfonate groups. Nonetheless, in previous works
Gromadski et al. ** and Lu et al. '* showed that increasing the
sulfonation degree leads to a slight decrease of the d-spacing,
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Figure 2. TEM images of vapor annealing for samples: (a) S1_20, (b)
S2_17, (c) S2_35 and (d) S3_37.

which suggests that peak positioning with sulfonation degree
may-be system sensitive and that no general conclusions can
be drawn on its evolution. All the correlation distances calculated
from the g-position of the peaks using the Bragg relation, D =
27/q, are presented in Table 3.
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Figure 3. SANS spectra measured on films series S1 (a), S2 (b), and
S3 (c) at ambient conditions. The PS block sulfonation degrees are
corresponding to the following group sulfonation percentage 0 (dia-
mond), ~10 (triangle), ~20 (square) and ~35 (circle). For the exact
sulfonation percentages refer to Table 2.

Table 3. Correlation Distances in nm Calculated from the SANS
Peak Positions Using the Bragg Relation As a Function of the
Approximate Degree of Sulfonation (D.S.)

d-spacing (nén)

series samples dry wollen

Sl S1_0
S1_10 16.7
S1_20 19.4 25.7
S1_34 28.3

S2 S2_0
S2_11 20.8 21.3
S2_17 23.6 23.6
S2_35 30.3 314

S3 S3_0
S3.9 25.7 -
S3_15 28.3 28.2
S3_37 30.3 314

Parts a, b, and c of Figures 4 present the SANS spectra
measured on membranes swollen in D,O at ambient condition
for series S1, S2, and S3, respectively. The intensities are greatly
enhanced owing to the absorption of D>O from the sPS domains
of the block copolymers. In most cases a correlation peak is
observable on the scattering curves in the region ranging from
0.2 to 0.4 nm~!. Consistently with the dried homologue series,
the peak is also shifting toward smaller angles as the sulfonation
degree is increasing, owing to the increased tendency to water
pick up and swelling with sulfonation degree. It is to be noted
that no peak is present on the scattering curve measured on the
S1_34 sample, as a consequence of excessive swelling for this
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Figure 4. SANS spectra measured on films series S1 (a), S2 (b), and
S3 (c) swollen in D,O. The PS block sulfonation degrees are
corresponding to the following group sulfonation percentage ~10
(triangle), ~20 (square), and & 35 (circle). For the exact sulfonation
percentages refer to Table 2.

sample, whose behavior in water resembles that of hydrogels.
A second order peaks is observable on the S1_20 and S3_37
samples. In the case of S1_20, the second reflection occurs at
2g*, which is consistent with a lamellar phase, as expected based
on TEM study. For the S3_37 sample, however, the second
reflection occurs at a value intermediate between that expected
for hexagonally packed cylinder morphology, e.g., +/3¢* and a
lamellar morphology, e.g., 2g*. More precisely, the peaks/
shoulders occurs at 1.87g*, which indicates that the two
reflections are not directly correlated, as can happen in HPL
morphologies (where one peak can possibly indicate the period
between lamellae and the other the period in between perforating
cylinders).

Figure 5 compares the scattering curves measured in both
dry conditions and swollen in DO for S1_20 (a), S2_17 (b),
and S3_37 (c) series. While a minimum-to-nil shift toward
smaller angles occurs on samples from series S2 and S3 after
swelling, sample from the series S1 presents a notable shift
indicating a significant increase (37%) of the correlation distance
after swelling, as well as the appearance of a second order peak
at 2¢* (lamellar morphology). If the water pick up is known
by separate experiments, the ratio in the lamellar spacing before
and after hydration can be easily evaluated. Indeed, the lamellar
morphology is formed by two domains: (i) the PS, sPS and

Macromolecules, Vol. 41, No. 21, 2008

T T T T.TTT

UOMRELLLL I LELERLLLL

-
A . T
£ B E
- F O ]
[ o ]
L [mE] 4
r F ]
L A4 ]
A A
E A A E
:‘AAA‘“}‘ AA E
o ]
L O, ]
(Y
Ly ] L L
2 3 456
0.1 1
-
q(nm )

Figure 5. SANS spectra measured on films from the S1_20, S2_17,
and S3_37 samples. The films are equilibrated at dry conditions (open
marker) and swollen in D,O (solid marker). Samples S1_20, S2_17,
and S3_37 are respectively represented by circle, square, and triangle.

adsorbed water and (ii) the PMMA. The swelling ratio among
the volumes of the hydrated and dry lamellar phases is simply
equal to ratio between the periods of the lamellar spacing after
(Dhydraea) and before (Dgy-) water uptake. Thus, from the
densities and molecular weight of the individual constituents
one can write:

M M M, M
Pes | Mops | Mo PMMA
Dhydrated: Pps  Psps  Pmo Pryma _
D, M_Ps +M5Ps +MPMMA
Pps  Psps  Pryvma
M M. Mps+M g+ M M
Aes  Mops | P PS sPS pava y Memma
Pps  Psps PH,0 Ppmma
Mps Mps M
DPes | Msps | Memma

Pps  Psps  Ppmma

where the M, and the p, are the molar mass and the density
of the constituents, respectively. Here My corresponds to
the mass of water partitioning within one mole of copolymer.
Using these basic calculations, the data measured on sample
S1_20 can be analyzed, since this series shows lamellar
morphology both before and after hydration. Using 0.48 for
the water uptake, P, ., (see Table 2) and using 1.00 g/cm,3
1.05 g/em® 1.05 g/cm® and 1.17 g/cm? the densities for H,O,
PS, sPS and PMMA, respectively and 8000, 3540 and 10000
for Mps, Msps and M ppyya, respectively, a ratio of 1.53 is found.
On the basis of SANS data, the lamellar period is evaluated at
19 and 26 nm for the dry and swollen film, respectively, which
gives Diyarared!Dary = 1.37. Thus the swelling measured by
SANS is slightly lower than that measured by water pick-up
experiments. This is to be expected considering the different
experimental protocols used to swell films in the two experi-
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Figure 6. Cryo-TEM images for (a) S1_20, (b) S2_17, and (c) S3_37
samples.

ments, e.g immerging films for SANS studies and vapor swelling
for weight pick up measurements. Indeed, in order to precisely
evaluate the relative water pick up on our small sized samples,
vapor swelling was preferred to immersion, as this latter protocol
would likely lead to an overestimation of the wet mass (water
present on the surface after wiping with paper filters). Further-
more, while H,O is used for the vapor swelling experiments,
D,0O is used for the SANS experiments. Slightly different
binding mechanisms of D,O to sPS domains compared to H,O,
can also be envisaged, and therefore, in view of these consid-
erations, the swelling of sulfonated block copolymers measured
by SANS and weight pick-up have to be considered in
reasonably good agreement.

In order to compare the SANS information in Figure Sa—c,
with real space images, we performed cryoTEM on sulfonated
S1, S2, and S3 series. Figure 6a—c shows the morphologies
for S1_20, S2_17, and S3_37 series. Compared to Figure 2 no
major changes occur with respect to S2 and S3 series consis-
tently with data shown in Figure 5. However for S1, an increase
in period of 50% resulting from water uptake can be noted (by
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Figure 7. Wide angle neutron scattering spectra measured on film series
S1 swollen in D,O. The PS block sulfonation degrees are corresponding
to the following group sulfonation percentage ~10 (triangle), ~20
(square), and ~ 35 (circle). For the exact sulfonation percentages refer
to Table 2.

direct measurement of periods in Figures 6a and 2a), which is
in good agreement with the increase in period estimated by
combining water uptake measurements and eq. 1 (53%). More
in details, by comparing Figure 2a and Figure 6a, it can be
observed that while the white PMMA domains remain of nearly
unaffected width, the width of the black sPS-co-PS increase,
as a result of water partitioning within these domains only.

Scattering at larger angles was also probed by neutron
scattering, in the 0.5—2.5 nm™! region. Usually, it is in this
g-range that the well-known ionomer peak is expected. Figures
7 shows respectively the scattering curves measured on series
S1. This peak is visible only on sample S1_20 at 1.5 nm™!,
which corresponds to about 5 nm in the direct space, in
agreement with the ionomer literature.®> The S1_34, does not
present ionomer peak due to excessive swelling and partial
dissolution in water. Samples from series S2 and S3 showed
no ionomer peak, likely due to the poor water uptake in those
series.

It is known that water absorption, which is correlated with
the sulfonation degree, greatly changes the physical properties
of ionomers, such as ionic conductivity. In the dry state at room
temperature, the sulfonic groups are essentially not deprotonated
and the resulting conductivity, is very low, on the order of 1077
S-cm~!. After swelling in water, deprotonation of sulfonated
groups is triggered, and mobility greatly enhanced, leading to
rapid increase of ion conductivity with sulfonation content as
shown in Table 2. However, the conductivity depends not only
on the sulfonation degree of the block copolymers but also on
their morphologies, as previously observed by Kim et al.'?
Whereas a clear difference can be expected for conductivity
arising in disordered phases, cylindrical phases and lamellar
phases, consistently with hopping, 1D and 2D transport mech-
anisms, respectively, the difference occurring between a lamellar
phase and hexagonally perforated lamellae is less straightforward
and to the best of our knowledge, has not been reported in
literature yet.

To study the effect of block copolymer structure on proton
transport, Figure 8 shows the normalized proton conductivity
per volume fraction of the swollen sPS-co-PS domains, o/®,
as a function of the sulfonation degree, where ® is the volume
fraction of the PS + sPS + water domains. Not only, it can be
seen that the normalized conductivity rises with the degree of
sulfonation, but this also grows systematically when going from
ISO to HEX to HPL to LAM phases. This becomes even more
evident when comparing samples with nearly identical sulfona-
tion degrees. For examples, samples with sulfonation degree
ranging between 15 and 20%, show a systematic increase in
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Figure 8. The normalized proton conductivity o/® as a function of
the sulfonation degree for the three series: S1 (circle), S2 (square),
and S3 (triangle). ® refers to the volume fraction of the PS + sPS +
water domains.

the normalized conductivity when going from ISO — HEX —
LAM phases, consistently, with hopping, 1D and 2D transport
mechanisms.

Very illustrative is also the comparison between conductivities
of the HPL and the Lam morphologies. Indeed, although HPL
samples possess higher sulfonation degree than the lamellar
phase (about 35% versus 20%), their normalized conductivity
remains much lower than for the lamellar case. The reduced
conductivity of HPL morphologies compared to LAM mor-
phologies is to be attributed to the appearance of the PMMA
perforating cylinders within the sPS-co-PS layers. Furthermore,
while the HPL have a negligible swelling due to the constraints
exerted by the perforating PMMA cylinders, the lamellar phase
has a much larger swelling and greater water uptake, which
contributes directly to the increased efficiency in deprotonating
sPS moieties and the mobility of the protons. This is also
correlated with the presence of the ionomer peak which is clearly
noticeable only on the S1_20 lamellar sample, indicating that
also the organization of ionic moieties is crucial to efficiently
build up conductivity.’

In summary, the observed variations of normalized conduc-
tivity are consistent with the changes in the structures of block
copolymers and offer an additional tool to distinguish between
different morphologies and to detect order-to-order and
order—disorder transitions.

4. Conclusions

We have investigated the effect of controlled sulfonation
degree on the self-assembly morphologies and proton con-
ductivity of sulfonated polystyrene—poly(methyl methacry-
late) (sPS-co-PS-block-PMMA) diblock copolymers, in both
dry and wet states. Depending on molecular weight and
sulfonation degrees, isotropic phase (ISO), lamellar phases
(LAM), cylindrical hexagonal phase (HEX) and hexagonally
perforated lamellae (HPL) were observed, and their topologi-
cal changes were investigated by combining small angle
neutron scattering (SANS), transmission electron microscopy
(TEM) and cryoTEM. Samples with LAM morphologies
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underwent extensive period increase upon water exposure,
while little to nil swelling was observed for samples with
HEX or HPL morphologies. As expected, the water pick up
was accompanied by a remarkable increase in proton
conductivity; nonetheless, the increase of conductivity was
different for different morphologies. By comparing the
conductivity normalized by the overall volume fraction of
the domains formed by sPS + PS + water, it was possible
to distinguish among different morphologies, the normalized
conductivity rising monotonically when going through the
following morphologies: [ISO — HEX — HPL — LAM, in
agreement with hopping, 1D and 2D charges transport
mechanisms. Thus, the proton conductivity, normalized by
the volume fraction of the conductive domains offers an
additional rational to distinguish among different morphol-
ogies within this class of self-assembled block copolymers.
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