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ABSTRACT: Small-angle neutron scattering with contrast variation and transmission electron microscopy have
been used to investigate the nanostructure of films cast from diblock copolymer solutions. The polymers are
composed of a fluorocarbon block and a sulfonated polystyrene block, where the length and degree of sulfonation
of the polystyrene segment have been controlled. This study shows that these films possess structure at two
length scales: phase separation at length scales of the order of 40 nm due to the immiscibility of the two polymer
blocks and substructure within the sulfonated polystyrene domains due to segregation of the hydrated ionic groups
and the hydrophobic polystyrene chains. The longer length scale morphology is well-ordered for diblocks containing
long and partially sulfonated polystyrene blocks whereas the short and fully sulfonated polystyrene blocks give
rise to a more disordered structure.

Introduction insight into proton transport mechanisms and will ultimately

Proton exchange membranes (PEMs) are the most promising]eads to optimization of the (_jes?gn of the next generation of
electrolyte medium for low-temperature fuel cells (PEMFCs). membranes for fuel cell applications.

The ideal membrane should be chemically and electrochemically ~Recently, interest has turned to ion-containing block copoly-
stable, have good mechanical strength and integrity, exhibit amers. Diblock copolymer materials possess well-known and
high protonic conductivity, and have the potential to be prepared well-defined structures that confer ordered morphologfeis.

at low cost. In the past decade, a variety of ionomers have beenthe case of uncharged diblock copolymers, hexagonal cylinders,
synthesized to meet these requirements, but so far the mem<lose-packed spheres, bicontinuous phases, and other structures
branes of refereneein terms of durability and performanee  can be achieved by changing the relative length or the degree
are still the perfluorosulfonic acid (PFSA) membranes, of which 0f segregation of the blocks. Incorporation of ionic groups into
Nafion is the premier example3 Unfortunately, these fluori-  block copolymers provides a system where conductivity and
nated ionomer membranes are expensive to produce due to theigtructure can be tuned and their correlation can be studied
complex synthesis. Moreover, they are not suitable for “high”- systematically.

temperature PEMFCs (typically operating above 18) due Several ionomers based on polystyrene-containing block
to the dramatic drop of proton conductivity observed above 100 copolymers have been prepared. For example, the partially
°C, and they are not good candidates for direct methanol fuel sulfonated poly(styrenb-{ethyleneco-butylene]b-styrene) co-
cells (DMFC) due to their poor resistance to methanol cross- polymer (S-SEBS) has been developed by DAIS-Analytical
over? Because of these difficulties, the synthesis and charac- Corp’ Studies of morphological and physical properties as well
terization of new alternative ionomer materials must continue as fuel cell testing of SSEBS block copolymer membranes

in order to achieve high-performance membranes and to supporthave been performed by several groéip$. Sulfonated poly-

fuel cell commercialization. (styreneb-isobutyleneb-styrene) block copolymer (SSIBS)

An important component of any program to systematically has been synthesized in order to study methanol and proton
improve ionomer membranes is the design and synthesis oftransport propertié$!® and to develop novel ion-containing
model polymer materials. The main requirement for PEMs is polymer composite¥?13 Other polystyrene block copolymer
to have good proton conductivity, typically 0.1 S/cm. The membranes that have been prepared and studied include
conductivity value is affected by many things including the sulfonated hydrogenated poly(butadidmetyrene) diblock co-
chemical structure (composition and nature of the polymer polymer (S-HPBS)1920 sulfonated poly(styrenb-[ethylene-
backbone), the ion exchange capacity (IEC), the water content,alt-propylene]) (S-SEP)2122 and poly(styrenés-ethylene/
and the material morphology. However, it is still not clear how propyleneb-styrene) (S-SEPS)?
different polymer structures and architectures affect the mac- | this paper, we use a new model diblock copolymer system
roscopic features such as membrane conductivity. Studies ofy, gyqy the correlation between structure and transport proper-
structure and conductivity of model materials will provide - ties jn these materials. The system consists of sulfonated poly-

([vinylidene difluorideeo-hexafluoropropylenel-styrene) block

lDepartment of Physics, Simon Fraser University. copolymers (P[VDFeo-HFP]-b-SPS). There are several reasons
s pyopartment of Ghemistry, Simon Fraser University. for choosing films made from this family of polymers as a model
U CEA-Grenoble. ' system. First, the two blocks are completely incompatible, which

* To whom correspondence should be addressed. E-mail: frisken@sfu.ca.ensures self-assembly into nanostructures. Second, the method
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1] lenaond— T from those solutions onto a Teflon surface under ambient conditions.
#CHchZHCF?(P'F Ry [CHLH lCHch# The resulting films possessed thicknesses of aboutb00
Two membrane series were prepared. Within each series, the
fluorinated blocks are of identical length while the polystyrene
blocks differ. The polystyrene blocks of series 1 are sulfonated to
different degrees but all have the same length (cf. Figure 1b). Those
of series 2 are fully sulfonated but have different lengths of
3 o polystyrene chain (cf. Figure 1c). The number-average molecular
weight M, degree of polymerization, DP, and degree of sulfona-
0 O O o tion, DS, of the polymer blocks as well as the IEC, number of
(b) g o o o water molecules per ionic group in the fully hydrated membrane,
A value, and conductivity measured at 100% RH can be found in
Table 1. The techniques used to measure these quantities are
presented in refs 23 and 25. For series 1, the number-average
molecular weight of the fluorous blocks is 17 900 Da with a
o polydispersity index of 1.48, and the nominal molecular weight of
/\/\/\/\/\/\}@N@ polystyrene blocks is 8100 Da. There are three membranes in this
series, 1A, 1B, and 1C, the polystyrene blocks having degrees of

N N N N N NP o - sulfonation 22%, 32%, and 40%, respectively. The number-average
(c) molecular weight of the fluorous block used in series 2 is 24 300

00 o0 6 Da with a polydispersity index of 1.58. Three membranes, 2A, 2B,
and 2C, were studied in this series; they consisted of polystyrene
Figure 1. (a) General chemical structure of the diblock copolymer. 0locks whose degrees of polymerization were 9, 13, and 18,
(b) Schematic structure of series 1. IEC increasing with the degree of respectively.
sulfonation of the polystyrene block. (c) Series 2 schematic structure, ~Control of Membrane Counterion. Protons were exchanged
IEC increasing the degree of polymerization of the fully sulfonated for tetramethylammonium (TMA) ions for contrast measurement.
polystyrene block. This counterion has three properties: (i) it contains a large number
of hydrogen atoms, (ii) the hydrogen atoms are not replaced by
of synthesis of the polymei®24achieves a low polydispersity ~ deuterium atoms whenJO solvent is used, and (iii) despite its
of the block length and, consequently, well-defined structures. methyl groups, TMA is not a hydrophobic moiety and does not

Furthermore, the ionic exchange capacity (IEC) can be con- Perturb membrane swellif§. To exchange H for TMA™, the
trolled by adjusting either the length or degree of sulfonation membranes were soaked in saturated tetramethylammonium chloride

of the polystyrene chains. The structure of membranes cast fromsolutlon overnight and rinsed twice in water to remove excess salt.

luti £th | . tiqated | Small-Angle Neutron Scattering (SANS).Neutron scattering
solutions of these polymers was investigated over a large rangeexperiments were performed on NG7-SANS at the NIST Center

of length scales using a combination of imaging and scattering or Neutron Research (NCNR, Gaithersburg, MD). Three different
techniques: transmission electron microscopy (TEM), small- configurations involving different sample-to-detector distarizes
angle neutron scattering (SANS), and wide-angle X-ray scat- and wavelengths were used: ()Ds.q = 1 m andi = 6 A, (ii)
tering (WAXS). These three techniques are complementary; Ds_¢ =7 m andi =6 A, and (i) Ds-¢ = 15.3 m andi = 8.09 A.
TEM images structure from 10 to 100 nm, while SANS and The samples were enclosed in quartz cells, with a gap of 1 mm
WAXS probe structure from 1 to 50 nm and 0.1 to 1 nm, between the two windows; the remaining space was filled with the
respectively. appropriate solvent. The cells were maintained at ambient temper-
ature during measurement. The technique of neutron scattering was
chosen to take advantage of the contrast variation method. To vary
the scattering contrast between the polymer matrix and the solvent,
Block Copolymer Synthesis and Membrane Preparation. the membrane was soaked in differenCHand DO mixtures. We
Poly([vinylidene difluorideeo-hexafluoropropyleneb-styrene) used four different mixtures: 1660 (100% HO), 50-50 (50%
(P[VDF-co-HFP}b-PS) was synthesized by atom transfer radical H»O, 50% D0O), 30-70 (30% HO and 70% [O), and finally
polymerization (ATRP) of styrene initiated by a trichloromethyl- 0—100 (100% DO); these mixtures have scattering length densities
terminated fluorous macroinitiator (cf. Figure 28)?° The mac- (SLD) of —0.56, 2.915, 4.305, and 6.3% 10 cm cnr3,
roinitiator was prepared by emulsion polymerization in the presence respectively.
of chloroform, which serves as a chain transfer agent. Hexafluo-  Wide-Angle X-ray Scattering (WAXS). WAXS experiments
ropropylene (16 mol % in the blocks) was added during the were performed on a Siemens D-5000 diffractometer, using a Cu
synthesis of the PVDF block to minimize the formation of Ka source. Samples were maintained at ambient temperature and
crystalline structure and to improve the solubility of PVDF in  humidity.
common solvents (acetone, tetrahydrofuran, and butyl acetate). The Transmission Electron Microscopy (TEM). Samples for TEM
polystyrene block sulfonation was carried out at 4D in 1,2- were prepared according to the following procediiglembranes
dichloroethane using acetyl sulfate as sulfonation agfetSul- were stained by soaking them overnight in a saturated lead acetate
fonated diblock copolymer solutions are prepared in tetrahydrofuran solution. The membranes were then rinsed with water and dried
(THF), which is a good solvent for both blocks. Films were cast under vacuum at room temperature for a minimum of 4 h. Following

(a)

SOzH

Materials and Methods

Table 1. Molecular Weight of the Fluorous (PVDF) and Polystyrene (PS) Blocks, Degree of Polymerization (DP) and Degree of Sulfonation (DS)
of the Sulfonated Polystyrene (SPS) Blocks, Membrane lon Exchange Capacity (IEC), Number of Water Molecules per lonic Group in the Fully
Hydrated Membrane (4 Value), and Conductivity (¢) at 100% RH of Polymers and Membranes Used in This Study

membrane name PVDF (Da) SPS (Da) PVDF DP SPS DP SPS DS (%) IEC (mmol/g}. value o (Slcm)
1A 17 900 8100 ~240 78 22 0.72 11 1.6102
1B 17 900 8100 ~240 78 32 0.89 24 5.5 1072
1C 17 900 8100 ~240 78 40 1.18 42 & 102
2A 24 300 950 ~310 9 100 0.34 39 & 104
2B 24 300 1350 ~310 13 100 0.46 28 6.% 10°3

2C 24 300 1870 ~310 18 100 0.64 32 281072
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this, they were embedded in Spurr’s epoxy resin. The epoxy blocks
were sectioned to yield slices 6000 nm thick using a Reichert
OM3 microtome and picked up on copper grids. Images were
obtained using a Zeiss 10C transmission electron microscope with
an accelerating voltage of 80 kV.

Conductivity, Water Uptake, IEC, and Molecular Weight.
Tangential proton conductivity at room temperature and at 100%
RH was measured by ac impedance spectroscopy with a HP 8753A
network analyzer, using a frequency range of 300 kHz to 1 GHz
and a gold-plated coaxial pro¥eand using Nafion as a standard
sample. The protocols used to measure and calculate the number
of water molecules per ionic sitg, value, and the ion exchange
capacity, IEC, of the whole molecule, are presented in the refs 23
25. The fluorous block number-average molecular weilght,was
measured using a gel permeation chromatograph, GPC, using three
u-Styragel columns, a Waters 510 HPLC, polystyrene standards,
THF eluant, and a Waters 410 differential refractomété?.The
number-average molecular weight of the polystyrene block in series
1 was obtained by subtracting that of the fluorous block from that
of the whole diblock. In series 2, the polystyrene block molecular
weight is derived from the IEC value.

Results

Transmission Electron Microscopy. TEM images reveal that
dry membranes from series 1 are well structured. Two domains,
with light and dark regions, are clearly visible as shown in
Figure 2. These correspond to fluorous domains and sulfonated
polystyrene domains (SPS domains) with the dark regions
representing SPS domains as the protons from the sulfuric acid
group are exchanged for lead ions. Figure 3 shows TEM images
for dry membranes from series 2, 2B and 2C, made with
polymers with fully sulfonated polystyrene chains having
degrees of polymerization of 13 and 18, respectively. The TEM
images show that series 2 membranes are not as structured as
those of series 1. As in the TEM images of series 1, the dark
regions correspond to SPS domains and the lighter regions
correspond to fluorous domains. Segregation between blocks
becomes clearer for longer SPS chains.

Small-Angle Neutron Scattering.Membranes of the same
polymers used for TEM experiments were used for the neutron
scattering study. The two-dimensional spectra are isotropic andFigure 2. TEM images of three films from series 1 (1A, 1B, and 1C)
azimuthal averages of them are shown in Figures 4 and 5, for Stained with lead ions.
membranes soaked in,0. Two major peaks are distinguish- N ) .
able: peak 1 at a scattering vector-¢0.015 A1, corresponding for membrane 1A. Itsg-position and intensity are strongly
to a Charactens'nc Size on the Order Of 500 A' and peak 2 at adependent on SOIVent ContraSt, though WIthOUt any ObViOUS trend.
scattering vector 0f0.15 A, corresponding to a size of about ~ The position of this peak is typically in therange expected
45 A. Peak 1 is considerably broader in series 2 than in seriesfor a second-order peak associated with peak 1, but it does not
1. Peak 2 is not present in the scattering spectra of membranecorrespond exactly.
2A, which has the shortest fully sulfonated polystyrene block.  Solvent contrast variation has a strong effect on the intensity

There are significant shifts of the peak positions as the degree©f all three peaks but only affects tlpposition of peak 3.
of sulfonation changes. In series 1, both peaks 1 and 2 shift to Typically, peak 1 essentially disappears when the film is swollen
a smaller angle as the degree of sulfonation increases, as showi! the 30-70 mixture, except in membrane 1A, whereas the
in Figure 4. The behavior of both peaks can be understood in intensity of peak 2 decreases dramatically whe® ldr the 56~
terms of a swelling process of the material which occurs as the 50 mixture is used.

IEC and water content increase. For series 2, there is no trend In this neutron study, TMA was used as the counterion in

in the evolution of peak 1 as a function of the length of the order to stain the ionic groups and enhance the contrast between
fully sulfonated polystyrene block, and tlggposition of peak those ionic groups, the PS domains and the solvent. Figure 8
2 do not change significantly between membranes 2B and 2C,shows spectra obtained for membrane 1C in both acidic form

I lt_mﬂrnl

as shown in Figure 5. and TMA" form. There is no significant difference in the
Neutron scattering spectra have been measured for each casicattering curves measured for membrane 1C in these two forms.
membrane soaked in each of the four differeeg®HD-0 ratio That indicates that the counterions are not well localized in the

solutions; spectra for membranes from series 1 and 2 are showrstructure; there is no clear manifestation of condensation of the
in Figures 6 and 7, respectively. For solvents other than pure counterion at the polymer/solvent interface, contrary to what
D0, a third peak, peak 3, appears around 8023 A1 on has been observed in Nafion membrafies.

the spectra from series 1 membranes. This peak 3 is clearly Wide-Angle X-ray Scattering. WAXS was performed in the
observable for membranes 1B and 1C, and it is slightly evident g range of 0.4-5 A~ to probe the structure at molecular length
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Figure 5. SANS spectra from membranes 2A, 2B, and 2C, corre-
sponding to IEC of 0.34, 0.46, and 0.64 mmol/g, soaked i0.D

sulfonated polystyrene domains because of the TEM images,

the analysis of the spectra for the two series is different.
Detailed Analysis of Large Length Scale Morphology of

the Series Containing Partially Sulfonated PolystyreneTo

analyze the large length scale structure in series 1, we assume

that the intensity scattered by the membrane is proportional to

the product of a structure fact&q) and a form factoP(qg)28

\'/:vli%#rlg a3d I‘I(')ﬁg/l images of two films from series 2 (2B and 2C) stained 1(q) = KS(q) P(q) (1)
L B B L e e o ) e whereK is a scaling factor that is independent of SLD contrast
10* o i but related to the number of scattering objects in the irradiated
. “u Peak #1 o 1A sample volume. The form factoPR(q), describes the specific
LN : ¢ 1B m shape of the scattering objects, and the structure fagtqy,
102 % i o a4 1¢ describes the spatial ordering of these objects. This expression
£ is true in two cases: the scattering objects are centrosymmetric
= (typically spheres) or the scattering objects are anisotropic (e.g.,
il cylinders, disks) but are locally orientéiEquation 1 is valid
10° |- for gL > 1, whereL corresponds to a length scale characteristic
o of the structure of interest.
10 = Using eq 1, we can determine the form factor of the scattering
102 - objects by dividing the spectra obtained using solvents of
il L L1 L1 different contrast. To do this, we must assume that changing
e et M T et the solvent has no effect on the structure of the material as has
q( A“) been shown for Nafion membran&she structure factor is then
expected to be the same for all solvent mixtures. We also assume
Figure 4. SANS spectra from membranes 1A, 1B, and 1C, corre- that the shape of the scattering objects remains the same but
sponding to IEC of 0.72, 0.89, and 1.18 mmol/g, soaked 0.0 that the measured form factor is expected to change due to the

) . variation of the SLD of the object components; this point will
scales and to check for crystalline domains in the membranesyq qiscyssed later. Under these assumptions, the division of two
from both series. All spectra measured present the same feat“re%pectra obtained for the same membrane but soaked in two
Figure 9 shows the spectra from membranes 1B and 2B. TWO gittarent mixtures will eliminate the structure factor component,
major peaks can be distinguished at 1.25 and 2.83, A ), and the scaling factok
corresponding to sizes of 5.03 and 2.21 A, respectively, in direct '

space. We notice a shoulder on the first peak (black arrows) of
the series 2 spectra, I, (@)= Isolvent1 (© _ KMPsolventl (@) ~ Py, (@) @)
. ) Isolvent2 (q) )(}zéqil)solvent2 (q)
Discussion
Large Length Scale Morphology of Both Seriesin both The result of this division is a normalized ratio of two form

series, peak 1 indicates structure that has a length scale of dactors, which can be compared to curves calculated for different
few hundred angstroms. Varying the contrast of the solvent usedobject shapes. A similar approach has been used to analyze
to hydrate each membrane results in variation of the intensity SANS spectra of Nafion membran€s’!

of this peak. For all samples in series 2, this peak is significantly =~ The protocol of the analysis is as follows. First, the
diminished when the samples are hydrated in the-BD experimental spectra obtained for each membrane soakeet-in 50
mixture. In series 1, the behavior of all samples is not the same, 50, 30-70, and BO mixtures (solven) are divided by that

and a third peak appears in some solvents. While we attribute measured in kD (solvent). Then theoretical estimates B -

the large scale structure to ordering of the fluorous and hydrated(q) are fit to the experimental ones. Finally, the structure factors
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q (diamonds), 36-70 (HO—D0) (circles), and BO (triangles).

Figure 6. SANS spectra from membranes 1A, 1B, and 1C for four
solvent contrasts: ¥ (squares), 5650 (H,O—D-0) (diamonds), 36
70 (H,O—D,0) (circles), and BO (triangles).

in diblock copolymer materialsIn particular, spherical, cylin-
drical, and lamellar structures were tested. To test for lamellar
structure, the form factor corresponding to discoidal shapes was
are calculated by dividing the measured spectra by the corre-ysed because a collection of discoidal objects also describes a
sponding theoretical form factor for each mixture. lamellar structure in the limit of a large radius-to-thickness ratio.
Figure 10 shows the results for the divided experimental However, we found that the spherical and cylindrical eore
spectra, or normalized spectra, of membranes 1A, 1B, and 1C.shell form factors gave rise to unrealistic object diameters or
The fact that the normalized spectra from the same membranelow fit quality. Only the core-shell discoidal form factor gave
soaked in different solvent mixtures are not flat means that the rise to a reasonable analysis of the normalized spectra; results
scattering objects cannot be modeled as consisting of only two for these fits will be described.
scattering length densities (SLDs), such as homogeneous objects The core-shell disk structure used is shown in Figure 11
in a matrix. This observation motivated us to consider eore (left). Each scattering object consists of a discoidal core with
shell form factors with three SLD levels. The choice of the shape an external layer (or shell) on both sides as shown in Figure 11
of the scattering object is of prime importance, as it is necessary (right). The core is defined by its radiusthicknesg, thickness
to distinguish between the typical structures already observedpolydispersityo, and its SLDpcore The radius is maintained at
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Figure 8. SANS spectra measured for membrane 1C containing either
TMA™ or H* counterions and immersed in eitheg®or D,O. The

two spectra measured on the acidic form membrane$ (idve been
multiplied by 10 for sake of clarity.
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Figure 9. WAXS spectra from membranes 1B and 2B in acidic form
at ambient conditions. Intensity scale is in arbitrary units.

5000 A for all of the analysis because this~g0 times larger
than the thickness. The shell is defined by its thickreeaad

by its SLD, psher Finally, the medium around the objects is
defined by its SLD,pex. Such a form factor can easily be
calculated; the final expression used in the following analysis
is derived in the Appendix.

Each component of the model system has a different chemical
origin. It was necessary to try several assignments before the
data could be analyzed consistently. It was found that a system
composed of a discoidal core made up of solvent-containing,
sulfonated polystyrene domains with a polystyrene shell and
surrounded by a fluoropolymer medium was consistent with the
data. At the length scale being probed in the vicinity of peak 1,
pcore CaNn be calculated as an average of the sulfonated
polystyrene SLDppoy = 1.41 x 10'° cm/cn?® and the solvent
SLD, wherepsonentis @ function of the HO—D,0 mixture, as
shown by the equation
[ +(1-@ 3)

Peore ™ p)psolvent

pPpoly
where®, is the core polymer volume fraction. The SLD of the
surrounding medium is that of the fluoropolymeg,: = 3.22

x 109 cm/cn?,32 and the SLD of the shell is that of polystyrene,
pshel = 1.41 x 10'° cm/cn®. Note an alternate ordering of the
constituents in the core shell disk form factor, namely a fluorous

Fluorous Block Copolymer Membranes25

Membrane 1A

Inivision

lDivision

IDivision

Figure 10. SANS spectra for membranes 1A, 1B, and 1C divided by
the HO spectra: BO/H;O (triangles), 36-70/H,0 (circles), and 56
50/H;O (diamonds). The solid lines represent the theoretical results
for the normalized spectra. For the sake of clarity, the curves are offset.
The fits are performed in absolute intensity.

normalized spectra that was inconsistent with experimental
results.

In summary, the unknown parameters of the system varied
in the fit of the normalized spectra areghe core thickness with
o its polydispersity,®p, the polymer volume fraction of the
disk core, and, the shell thickness. It is essential to note that
the same set of parameters was used to fit all three normalized
spectra from the same membrane, with anlye changing due
to the variation ofosoven: Curves showing the fit and the fitting
parameters are presented in Figure 10 and Table 2, respectively.
The fitting analysis has been done by hand, adjusting the
unknown parameters to fit the maxima and minima positions

core and a polystyrene shell in a hydrated SPS medium, wasas well as the absolute intensity of the data. The fit quality is

considered, but this led to a shift of the minimum of the

good enough to support a lamellar model considering that most
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Table 2. Parameters Obtained by Fitting Eqs 3 and 4 to the
Normalized Spectra for Membranes 1A, 1B, and 1€

Sample t (A) S (A) (I)p (%) DBragg(A) tpvDE (A)
1A 180+ 31 30 65 410 170
1B 224+ 30 28 43 460 180
1C 275+ 21 25 40 490 165

at is the core thickness the shell thicknessp, the polymer volume
fraction within the sulfonated polystyrene domains, &gy the Bragg
distance from the first-order peak of the structure factor.

S(q) (a.u.)

of the parameters are strongly constrained and considering also
the agreement of the curves in absolute intensity.

The parameter values presented in Table 2 are consistent from
one membrane to another. As the degree of sulfonation increases
and the region becomes richer in solvent, the polymer volume
fraction in the hydrated sulfonated polystyrene domains
decreases from 65 to 40% and the thickness of these domains
tincreases from 180 to 275 A. The polystyrene layer thickness
s decreases slightly with increasing sulfonation, from 30 A for
membrane 1A to 25 A for membrane 1C. The presence of this
thin layer of polystyrene is probably due to the fact that
hydrophobic polystyrene chains are more likely to rest in contact
with the fluorous domains than with the hydrophilic sulfonated
polystyrene. However, realistically, the layer cannot be totally
free of ionic groups as the sulfonation is randomly distributed
along the polystyrene chain. The ionic groups within this thin
layer are probably isolated and nonhydrated, as the solvent
contrast variation has no effect on the shell’'s SLD.

The structure factor was then found by dividing the measured
scattering intensity by the calculated form factor. Structure
factors for membranes 1A, 1B, and 1C are shown in Figure 12.
The calculated structure factors for each membrane and each
solvent present a well-defined first-order peak, whose position _ )

(q*) can be used to calculate the distance of repetition between Zhgdurfc)lzicc,:ags\/lgﬁé%d if]trggtu(rseq';a;rtgf(qgéfg{) f'('é?zn(q?n}j':)"(tgeﬁ%'

the lamellae using the Bragg relatidDgragg = 277/9*. Values (circles), and BO (triangles).

of 410, 460, and 490 A were obtained for membranes 1A, 1B,

and 1C, respectively. These values are reasonable, as the highé.01 AL This confirms our previous hypothesis that the
degree of sulfonation should result in an increase in swelling scattering intensity can be analyzed with a product of a form
of the structure and an increase in the distance between theand structure factor and that the nature of the solvent does not
lamellae. The lamellae repetition distance includes the disk influence the membrane structure at length scales smaller than
thickness (with the shell) and the thickness of the fluorinated 500 A. The structure factors for membrane 1C present well-
medium in between two sulfonated polystyrene didkgpr. defined first- and second-order peakg @nd 2g*), which is
Knowing the thicknesses of the disk from the previous analysis, an expected feature for a well-structured lamellar system. This
we estimatepypr to be 170, 180, and 165 A for membranes result, coupled with the fact that the quality of the fits shown
1A, 1B, and 1C, respectively, consistent with the fact that all in Figure 10 increases with the degree of sulfonation, leads us
samples have PVDF blocks of the same molecular weight. Theseto the conclusion that increasing the degree of sulfonation of
values are consistent with the PVDF lamellae thicknesses the polystyrene block improves the quality and the ordering of
measured on the TEM images, which are between 100 andthe lamellar structure in this series. Note that this spectra analysis
200 A. leads us to the understanding of the origin of peak 3 as a

Agreement between the structure factors calculated for eachcombination of the second-order peak of the structure factor
membrane in different solvents is generally good) &teyond and the first oscillation of the form factor.

L 1 71 1 L) L) |

=X

S(q) (a.u.)
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0.7 0.8 0.9 1.0 1.1 12 Figure 15. Sketch of the structure of membranes from series 1. The
IEC (mmol/g) large-scale lamellar morphology is shown, where the gray scale is
) ) _consistent with the TEM pictures; the lighter gray corresponds to the
Figure 13. Water content of membranes as estimated from analysis fluorous lamellae with a thickness,or, and the darker gray corresponds
of neutron spectra (squares) and as measured (circles) for the sampleg the PS lamellae. Within the PS lamellae there are two different
from series 1. regions: the central region contains hydrated sulfonated polystyrene,
with a thicknesst; at the extremities thin layers of nonsulfonated
polystyrene exist with a thickness The white circles within the
sulfonated polystyrene domains represent hydrated ionic aggregates.

value for series 2 (cf. Table 1). Calculation of the SLD of the
SPS domains hydrated with the-300 and 56-50 mixtures
leads to 3.85x 109 and 2.65x 10 cm/cn?, respectively.
The SLD of the SPS domains is closest to that of the fluorous
domains hydrated by the 370 mixture but also similar to that
of the fluorous domains hydrated by the-580 mixture. This
contrast matching of the fluorous domains to the hydrated
polystyrene domains leads to an important drop in scattering
from the long length scale structure, explaining why peak 1
almost disappears from the scattering curve in these solvent
mixtures.

Peak 1 from the second series is considerably broader than
the ones in series 1; this implies that series 2 membranes have

Figure 14. Modified hard-sphere model from Yarusso and Co&per 5 |arger polydispersity of the correlation distances and are less
used to describe the structure within the sulfonated polystyrene domains tructured at this | th le. Th . trend in th luti

in both series. The hydrated ionic aggregates are represented by sphereal UCtUred at this length scale. There 1S no trend in the evoiution
with a radiusr, arranged in a liquidlike order with a closest approach Of peak 1 as a function of the length of the fully sulfonated

distance 2. polystyrene block, as can be seen from examination of Figure
5. The Bragg distances corresponding to ghgosition of the
From the parameter values extracted from the neutron spectrapeak are 460, 360, and 480 A for membranes 2A, 2B, and 2C,
analysis, we are able to calculate the water content for eachrespectively.
membrane and to compare it with the measured water content. From the combination of TEM images and SANS spectra
The results are shown in Figure 13; the values obtained from we can conclude that this series of membranes has a structure
the neutron analysis underestimate the water content. This mayconsistent with phase separation at length scales of the order
be due to the fact that the model considers only the water within of a few hundred angstroms due to the nonmiscibility of the
the lamellar domains and ignores the water contained in two polymer blocks. But this structure is disordered; there is
intermediate regions. no evidence of well-defined morphology, such as lamellar,
Large Length Scale Morphology of the Series Containing cylindrical, or spherical. On the other hand, the high conductivity
Fully Sulfonated Polystyrene.The fact that peak 1 essentially in the second series, up to 23102 S/cm for membrane 2C,
disappears when membranes from series 2 are soaked in théndicates that there is percolation of the hydrated sulfonated
30-70 solvent mixture and that it is highly attenuated in the polystyrene domains in the membrane.
50-50 solvent mixture, as is shown in Figure 7, can be Small Length Scale Morphology of Both Series.The
explained in terms of a random two-phase system. In this basicanalysis of peak 2 leads to a description of small length scale
model, peak 1 corresponds to the correlation length betweenstructure in these materials. This peak is least visible in
the two phases, consisting of fluorous and hydrated SPS membranes soaked in pure water and the D mixture; since
domains. At the length scale being probed in the vicinity of the SLD of polystyrene, estimated to be 1,410'° cm/cn?,33
peak 1, both domains appear to be homogeneous, so theiis between that of pure water and the-8D mixture, we
respective SLD can be estimated by averaging the SLD of eachattribute peak 2 to structure within the SPS domains. This small
component weighted by their respective volume fractions. The length scale structure can be pictured as hydrated sulfonated
SLD of the fluorous domains is estimated to be 3221010 polystyrene domains in a hydrophobic polystyrene matrix, as
cm/cn?®, the same as for series 1. The SLD of the SPS domainsshown in Figure 14. The observation of a peak at around 0.15
depends on solvent content and the nature of the counterionsA~1is consistent with other studies of the structure of sulfonated
The number of HO molecules (or BO) per ionic site, known polystyrene, which reveal a peak between 0.1 and 0.3 A
as thel value, used in this calculation is 35, which is an average whose position depends on the IEC and water content of the
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Table 3. Parameters Extracted from the Analysis of Peak 2 Using sulfonated polystyrene lamellae and PVDF lamellae separated
the Modified Hard-Sphere Model (See Text for Definitions) by a thin layer of polystyrene. The presence of these thin layers

sample 2:a(A) core ¢p (%) r1(A) ty (A) of nonsulfonated polystyrene at the interface between the
1A 42.4 65 14.9 125 fluorinated and hydrated sulfonated pol)_/styrene domains can
1B 49.2 43 20.4 8.4 be understood by the fact that hydrated ionic groups are more
1C 51.3 40 21.6 8 likely to be located further from the highly hydrophobic
2A 14.3 fluorinated region. At smaller length scales there is a substruc-
2B 44 17.2 19.8 2.7 o )
oC 44 16.3 20 o5 ture within the hydrated sulfonated polystyrene, as observed in

different block copolymers containing sulfonated polysty-

. . . . 14,16
material. This peak has been analyzed in terms of correlations'®n€-""° The large length scale structure of membranes from
either withir?35 or betweef aggregates of the ionic groups. SEres 2 is characterized by a more random structure but similar

More recent studies on sulfonated polysty@@nand block ~ Structure at smaller length scales.

copolymers containing sulfonated polystyr&teave confirmed ‘Relationship between Observed Structure and the Phase
that the origin of the peak is more likely due to interference Diagram of Diblock Copolymers. It is interesting to compare
between ionic group aggregates. the large-scale structures that we observe with the theoretical

We used the modified hard-sphere model of Yarusso and phase _diagram obtained by Matsgn and Bates using mean-field
Coope#* to describe the structure within the sulfonated poly- theory in the case of uncharged diblock copolyntére phase
styrene domains in both series. As shown in Figure 14, the diagram depends on two variablegN, the product of the
hydrated ionic aggregates are represented by spheres with & 0ry—Huggins parametey, and the degree of polymerization
radiusry, arranged with liquidlike order, with a closest approach ©f the blocksN, and the fraction of the total volume occupied
distance 2., We can use this model to estimate the size of the PY one of the blockst.  represents the degree of segregation
aggregates; and the thickness of the polymer barrier between Petween the two blocks; it is usually dependent on the
aggregates,. r1 is obtained from the polymer volume fraction, témperature and on the nature of the blocks.

#p, of the hydrated sulfonated polystyrene which can be We can estimatéfor samples in series 1 in two ways. The
expressed ag, ~ 1 — r1%/rcs, where 2, is obtained from the first method uses the parameters extracted from the SANS
g-position of peak 2 and the Bragg relation. For seriegplis analysistevor, S, t, andgy, to estimate the volume fraction of
extracted from the previous neutron analysis. For series 2, anthe dry polystyrene domains as compared to the dry sample.
estimate is calculated from thevalues assuming that all the  The value we obtain by this method for all samples in this series,
ionic groups are in the aggregates, which gives rise to a polymerwhere the length of the PS block is constant, is 0.441. The
volume fraction between 14 and 17%. The calculated radii for second method makes use of the molecular weight and the
both series are presented in Table 3 along with the thickness ofdensity of both blocks. Using 1.8 and 1.05 g cifor the density

the polymer barrier between two aggregatgss 2(rca — r1), of the PVDF and PS, respectively, leads tofarf 0.436. The

and the polymer volume fraction. consistency of these results provides additional confirmation

In series 1,r; increases as the sulfonation rate increases, of the model developed for this series. In series 2, we must use
ranging from 15 to 22 A, whereds decreases from 12.5 to 8 the second method only as our model is not as sophisticated.
A. So in this series the hydrated aggregates get bigger and closel this case, we calculate values faf 0.063, 0.087, and 0.117
as the IEC increases, as expected for a classical swellingfor membranes 2A, 2B, and 2C, respectively.
material. In series 2, andty, are constant with a value of about According to the theoretical phase diagram for uncharged
20 and 2.6 A, respectively, as the fully sulfonated polystyrene diblock copolymers, series 1 should present a lamellar morphol-
blocks get longer. Considering both series, we can see thatogy over a broad range giN, which is what is observed by
increasing the sulfonation rate of the polystyrene block from both TEM and SANS. In the case of series 2, the theory predicts
22% to 100% leads to a decrease of the barrier between thea disordered morphology at loyN and a close-packed sphere
hydrated ionic groups that should permit better percolation and morphology at highegN. We observe randomly oriented but
proton diffusion; this point is discussed later. poorly defined structure in these fully sulfonated samples. It

Molecular Length Scale Morphology of Both Series.In appears that the combination)gfl andf is sufficient for phase
the WAXS data, the same peaks are observed at the sameéeparation to occur but not large enough for the development
position for all samples; the effect of IEC does not appear to Of long-range order.
be significant at molecular length scales. Nafion 115 shows Note that the estimated values foare effectively for dry,
similar features with two peaks at 1.17 and 2.64'Ain the uncharged membranes. The membranes are cast from polymers
analysis of Nafion spectra, these two peaks are associated withdispersed in a nonpolar solvent, but they do swell when
correlation distances between fluorinated polymer chains andhydrated. We have not made any attempt to thermally or
between carbon atoms along the polymer chain, respecfi¥ely. otherwise anneal the samples and so it is possible that the
No crystalline peak is observed in the spectra from membranesstructures observed are not in thermodynamic equilibrium.
of series 1, confirming that the addition of hexafluoropropylene Polydispersity of these systems may also affect the order. Further
in the PVDF polymer block is effective in reducing the natural work will be required to clarify these issues.
tendency of PVDF to crystallize. We notice a shoulder on the  Correlation between Structure and Conductivity. Mea-
first peak (black arrows) of the series 2 spectra, which can be surements performed on both series show that the conductivities
interpreted as an emerging crystalline peak. Crystallinity is more are comparable for similar IEC. Results from Shi and Hold-
likely present in this series since the molecular weight of the croft?325 are reproduced in Figure 16; the samples studied by
fluorous block is larger than series 1 (cf. Table 1). SANS are indicated on the figure by large circles (series 2) or

Summary of Structures Observed by SANS and WAXS. squares (series 1). The conductivity of membranes from series
Figure 15 shows a sketch of the structure of membranes from1 appears to level off and even decrease at high IEC. This
series 1 as probed by small-angle neutron scattering. At largeobservation has been attributed to the decrease in proton
length scales, the structure is characterized by stacks of hydratedoncentration observed in these samples when highly hy-



Macromolecules, Vol. 39, No. 2, 2006

1 | | | |

SN I @ —
10 oolale..a
-l Series #1 P
E ~@- Series #2 2C .,..--"-"@13 1C
o ’
B 107 B _
2 ® 7
2 2A.-"': .~"':
° -3 ¥
107 =
3 B
c S
o
(8] o
107 =, -
s 1 1 ] ] ] ]
02 04 06 08 10 12
IEC (mmol/g)

Figure 16. Conductivity measurements as a function of the IEC for

both series at room temperature and 100% relative humidity. The open

squares and circles represent membranes studied by SANS.

drated?325 Unfortunately, the membrane with the highest
conductivity, which was from series 2, was not studied by SANS
because it swelled to a water content of 61% when hydrated
and could not be handled easily.
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due to a more favorable structure within the sulfonated
polystyrene domains.
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Appendix
The analytical expression of the form factor of a disk is

sir(q

qécose

L coso
5C0s )Jl(qr sin 6)
grsing

Fasdat,r) =2

where@ is the angle between the scattering wave vegtand

the disk axist is the thickness andis the radius of the disk

The expression for the form factor of a cerghell disk is given
by

The fact that the large-scale structure of the two series is soP, .(q) O

different, as seen in both SANS and TEM results, indicates that
the large-scale structure may not be very relevant to proton
conductivity. On the other hand, the short-scale structure is
similar in both series. This is reasonable given that the large-
scale structure corresponds to the ordering of the diblock

copolymers while the short-scale structure corresponds to the

structure of the hydrated polystyrene domains. Proton diffusion

occurs within the polystyrene domains, so that structure of these

domains should have the largest effect on the conductivity, with

t  Pcore ™ Pshell 2

t+2s Pshell — Pext

Faisdait +2s1) + Fais(at,r)

wheres is the shell thickness. For randomly oriented mono-
disperse disks the final form factor must averaged ovepf all

Pmono(q) = j(;npdisk CJQ) sin6 do

the large-scale structure providing a secondary perturbation. InPolydispersity is added to the disk thickness in order to be more

addition, the fact that series 2 presents slightly higher proton

realistic. A Gaussian distributio®(tp,0) is used, wherey is

conductivity than series 1 for comparable IEC is probably due the standard deviation arglis the mean value of the thickness.
to better percolation between hydrated ionic aggregates as the-inally, the form factor of randomly oriented disks becomes

sulfonation rate of the polystyrene blocks increases.

Conclusions

We have performed an in-depth structural study of two
related, but distinct, fluorous diblock copolymer membranes.

P@) = [, L, Proondd) sin6 dO]G(Lt,0) dt  (4)

This last form factor expression of a cerghell disk has been
used to calculate the theoretical normalized spectra.
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