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ABSTRACT: We investigated the structure and the swelling behavior of two synthesized 

hydrocarbon polymer electrolyte membranes, made of multiblock copolymer poly(sulphonate 

phenylene)-b-poly(arylene ether ketone) with different block ratios, by using small-angle 

neutron scattering technique. A scattering maximum (ionomer peak) at high-q range (0.1< q 

<0.3 Å-1) is shown commonly in both dry and wet states, with q being the magnitude of the 

scattering vector, while it shifts towards low-q region in the wet state due to the swelling of 

the ionomer domains with water. The swelling effect also results to a second scattering 

maximum in the middle-q range (0.01< q <0.03 Å-1) because of the water-induced 

microphase separation. This swelling behavior was confirmed in various water mixtures of 

normal water and deuterated water with different volume ratios (contrast variation method). 

The morphology of the wet membranes was analyzed in terms of Hard-Sphere model with 

Percus-Yervick interference interactions. Our analysis indicated that (i) the hydrated 

microdomains in the membranes are interconnected, which is the key point to promote the 

proton conductivity; (ii) the water-induced microphase separation structure and the 

amphiphilicity of the matrix for embedding the ionomer domains are closely related to the 

chemical structure of the polymer.  

 

Keywords: Small-angle neutron scattering (SANS), contrast variation, microphase separation, 

polymer electrolyte membrane (PEM)  
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I. Introduction 

In the previous study, we reported the synthesis and characterization of a series of newly 

developed polymer electrolyte membranes (PEMs), made of multiblock copolymer 

poly(sulphonate phenylene)-b-poly(arylene ether ketone) [PSPx-b-PAEKy]n (see Figure 1) 

having different block ratios, ion exchange capacities (IEC), water uptake, and proton 

conductivity [1]. The studies indicated that in an optimal IEC range, these PEMs exhibit good 

dimensional stability at elevated operating temperatures with the proton conductivity 

comparable to the benchmark material Nafion. Since these PEMs were made up of 

hydrocarbon copolymers, the cost of the membranes is expected to be much lower than that of 

Nafion for the application in an industrial scale. The good properties of these PEMs on one 

hand are the results of the high glass 

transition temperature of the polymer, and 

on the other hand, are believed to be 

controlled by the microphase separation 

structures of the membranes in the hydrated 

state, though the precise manifestation of 

which was still unclear. In this work, we aim to advance this study and elucidate the 

hierarchical structures of these PEMs and understand the structure related unique properties 

such as the mechanical property and the proton conductivity.  

Proton Exchange Membrane Fuel Cells (PEMFCs) are considered to be the most 

versatile type of fuel cells currently in production [2-11], for their advantages such as low 

operating temperature, high current density, low weight, compactness, the potential for the 

long stack life, fast start-ups and etc [2-12]. These features make PEMFCs the most promising 

and attractive candidate for a wide variety of applications ranging from portable micropower 

and transportation to large-scale stationary power systems [2-8,11]. 

At the heart of PEMFCs is a proton conducting PEM, generally made from ionomers, 

http://en.wikipedia.org/wiki/Ionomer
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with the essential function of separating the electrodes and maintaining high intrinsic proton 

conductivity [2]. Ideal PEM material must satisfy demands such as high proton conductivity, 

good mechanical strength, high chemical and dimensional stabilities in the hydrated state 

[12-14]. So far, one of the most established and commercially available PEM materials is 

Nafion, developed by DuPont in 1960’s. It is composed of a polytetrafluoroethylene backbone 

and perfluorinated pendant side chains terminated by sulfonic ionic groups, and has been used 

successfully as electrolyte polymer separators in many electrochemical devices [15,16]. 

However, perfluorinated PEMs have practical limitations such as decreased proton 

conductivity at high temperature and the high manufacturing cost. Therefore, it is of great 

significance to develop new PEM materials that can overcome the above drawbacks. For this 

purpose, numerous sulfonated aromatic hydrocarbon-type polymers such as poly(ether ether 

ketone) [17,18], poly(phenylene sulfone) [19], poly(arylene ether ketone) [20], polyimides 

[21], poly(phenylene) [22] and polybenzimidazole [23] were designed and synthesized in the 

past decade as alternatives to perfluorinated PEMs because of their rigid aromatic backbone, 

which gives them the potential of higher thermal stability and mechanical strength. 

It is believed that the interesting properties of PEMs derive from the microphase 

separation of hydrophilic ionic material from the hydrophobic substance. Therefore, designing 

new PEMs should not only consider the architecture of the molecule itself, but also take the 

microphase-separated structure of the membrane into account. Various strategies including 

both approaches of synthesizing new polymers [17-23] and fabricating multilayered 

composite membrane [24] have been tried to control the microstructure of the PEMs. 

Recently, we have developed a hydrocarbon multiblock copolymer based on the poly(arylene 

ether ketone) (PAEK) backbone containing sulphonate phenylene (PSP) side chains (see 

Figure 1), where PAEK is hydrophobic and PSP is hydrophilic. Such a multiblock copolymer 

may form interconnected hydrophilic and hydrophobic microdomains, and possess many of 

the aforementioned properties [1]. The hydrophobic PAEK domains provide the mechanical 

http://en.wikipedia.org/wiki/Nafion
http://en.wikipedia.org/wiki/DuPont
http://en.wikipedia.org/wiki/Composite_material
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strength and constrain the dimensional changes of the materials upon swelling, while the 

hydrophilic PSP domains with proton transport channels promote the proton conductivity. 

Moreover, since the membrane is made up of hydrocarbon copolymers, the manufacturing 

cost is lowered.  

To resolve the morphology of PEM materials, extensive theoretical and experimental 

studies have been reported [25-33], especially on the benchmark material such as Nafion. Its 

typical scattering pattern obtained from either small-angle neutron scattering (SANS) or 

small-angle X-ray scattering (SAXS) methods, includes a broad scattering maximum at 

high-q range [q = (4/)sin(/2), where  and  are the wavelength of the neutron (or X-ray) 

and the scattering angles, respectively.] around 0.1-0.2 Å-1 (so-called “ionomer peak”), 

together with a scattering upturn at low-q range [26]. Though the structure of Nafion is still 

debated, there exists an overall consensus that hydrated sulfonic acid groups form phase 

separated morphologies in the nanometer regime, where water and sulfonic acid groups form 

spherical regions connected by water channels, embedded in the hydrophobic fluorocarbon 

matrix. These hydrated nanometer regimes have been referred to “ionic clusters”, being 

proposed on the basis of the observations of the ionomer peak. The formation of these ionic 

clusters is believed to be the origin of the proton conductivity.  

In this paper, we focus on the elucidation of the morphology of two [PSPx-b-PAEKy]n 

PEMs by using contrast variation SANS technique. The samples are designated as 

PSP14-b-PAEK14 and PSP28-b-PAEK14 for brevity, where the subscript 14 or 28 refers to the 

repeating unit number in each block. Obviously, the ratio of hydrophilic to hydrophobic 

blocks is different in these two samples, hence their IEC is also different. The characteristics 

of these two membranes can be found in Table 1. This paper is organized as follows: We first 

present the characterization of the swelling behavior of these two membranes equilibrated in 

D2O (section III-1), and show the results of the solvent-contrast variation with respect to 

Hard-Sphere model analysis with Percus-Yervick interference approximation (section III-2). 
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Then we present discussion (section IV), in which we first propose the possible lamellar 

structure in the large length scale (section IV-1), then we justify whether the microdomains 

are interconnected in the middle-q range and propose the possible morphology models for 

both membranes (section IV-2). We then extend our discussion to the detailed and profound 

comparisons between experimentally extrapolated intensity and theoretically estimated 

intensity at q = 0, for the two membranes at all contrasts with respect to the morphologies 

mentioned in section IV-2, and confirm the morphology pattern for each membrane (section 

IV-3). Finally, in section IV-4 we present discussions on a possible interpretation of the 

physical origin of why the conductivity varies with polymer block ratio and what kind of 

structure plays an important role to control the conductivity. These discussions provide a 

profound and key insight into the interplay between the morphology and properties. 

II. Experimental 

II-1, Sample preparations. Two desired multiblock copolymers PSP14-b-PAEK14 and 

PSP28-b-PAEK14, were synthesized by varying the stoichiometry of the sulfonated monomers 

and hydrophobic oligomers via the nickel-catalyzed polymerization [1,34]. The molecular 

structure of these copolymers was determined by 1H Nuclear magnetic resonance (NMR), 

Fourier transform infrared spectroscopy (FT-IR), Size exclusion chromatography (SEC) and 

elemental analysis, and shown in Figure 1 [1]. The characteristics of these two polymers were 

listed in Table 1.  

    The dry membranes with an average thickness of ~ 50 m were prepared by solution 

casting onto a flat glass plate from its dimethyl sulfoxide solution with a concentration of 5 

wt% [1]. Water swollen membranes were simply prepared by immersing the dry membranes 

into water at 25 oC. The water-uptake in the membranes, U, is determined by the weight 

measurements using eq. (1) below.  

          𝑈 =
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
         (1) 
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where Wwet or Wdry represents the weight of the membrane in the fully-swollen or dry state, 

respectively. The mass density of the dry membranes (p) has been measured experimentally 

and listed in Table 1, thus the total water volume fraction (w) of a given membrane can be 

calculated by eq. (2) below and is listed in Table 1 as well. 

           𝜙𝑤 =
𝜌𝑝𝑈

𝜌𝑤+𝜌𝑝𝑈
             (2) 

where w is the mass density of water. Thus the volume fraction of PSP blocks, 𝜙𝑃𝑆𝑃 =

𝑀𝑃𝑆𝑃
𝜌𝑃𝑆𝑃

𝑀𝑃𝑆𝑃
𝜌𝑃𝑆𝑃

+
𝑀𝑃𝐴𝐸𝐾
𝜌𝑃𝐴𝐸𝐾

(1 − 𝜙𝑤), or PAEK blocks, 𝜙𝑃𝐴𝐸𝐾 = 1 − (𝜙𝑤 + 𝜙𝑃𝑆𝑃), in the wet state has also 

been calculated and summarized in Table 1, where MX and X (X = PSP or PAEK) are the 

molecular weight of X blocks in the polymer and the mass density of X, respectively. Note 

that PSP and PAEK are deduced from the molar ratio of the two blocks and p of dry 

membranes as 1.495 and 1.32 g/cm3, respectively. 

    Since the ion exchange capacity (IEC) increases with the number of solvated PSP blocks, 

the proton conductivity of the two membranes is different accordingly. The proton 

conductivity of PSP14-b-PAEK14 and PSP28-b-PAEK14 membranes at 90% relative humidity 

and 30 ºC has been reported in the previous paper [1] and listed in Table 1. It was found that 

PSP28-b-PAEK14 membrane has higher proton conductivity than PSP14-b-PAEK14 membrane. 

In the following sections, we will elucidate this difference in terms of the structure.  

II-2. Small-angle Neutron Scattering (SANS) measurement.  SANS measurements were 

performed with KWS-2 at the neutron source Heinz Maier-Leibnitz (FRM II reactor) in 

Garching, Germany [35]. The incident neutron beam was monochromatized with a velocity 

selector to have the average wavelength () of 5 Å with a wavelength resolution of  = 

20%. All of the measurements were done at 25  0.5 C. The scattering patterns were 

collected with a two-dimensional scintillation detector, and circularly averaged to obtain 

scattering intensity profiles as a function of q. The obtained scattering profiles were corrected 
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for the instrument background, detector sensitivity, and scattering from empty cell, and finally 

calibrated on the absolute scale (cm-1) using a Plexiglas secondary standard. The scattering 

intensity profile of each water mixture of H2O and D2O was measured in a quartz cell with a 

thickness of ~ 0.5 mm, and used to estimate the incoherent scattering intensity for each 

water-swollen membrane with respect to its thickness and water-uptake. The estimated 

incoherent scattering intensity was subtracted from the absolute scattering intensity of each 

profile. 

II-3 Hard-Sphere (HS) model analysis.  We assume that the topology of the swollen 

membranes can be described by an almost random distribution of n particles in a 

homogeneous matrix. Let b be the contrast of the particle density with respect to the matrix 

density and v be the average volume of a single particle, then the observed scattering intensity, 

I(q), is [36] 

           𝐼(𝑞) = (∆𝑏)2𝑛𝑣2𝑃(𝑞)𝑆(𝑞) = 𝐾𝑃(𝑞)𝑆(𝑞)     (3) 

where P(q) is the form factor of the particles, S(q) is an approximate interference factor and K 

is a constant in terms of b, n and v. We assume that the number of the particles per volume is 

high that S(q) must be considered despite the random arrangement of the particles. The 

contrast b = bp - bm is defined by the difference between the scattering length density (SLD) 

of the particle phase, bp, and that of the matrix phase, bm. Thus, b is computable as long as 

the shape and composition of the particle phase and the matrix phase are well determined, and 

their SLDs are theoretically estimated below. 

    SLD of a molecule of i atoms is related to its molecular structure and may be readily 

calculated from the simple expression given by 𝑏 = ∑ 𝑏𝑖𝑖
𝑑𝑁𝐴

𝑀𝑤
 where bi is the scattering 

length of ith atom, d is the mass density of the scattering body, Mw is the molecular weight, 

and NA is the Avogadoro constant [36].  

    Let us consider an ensemble of spheres with varying sizes that can be described by a 
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Gaussian size distribution: 

 𝑃(𝑞) = ∫ {
3

(𝑞𝑟)3
[sin(𝑞𝑟) − 𝑞𝑟𝑐𝑜𝑠(𝑞𝑟)]}

2

×
1

(2𝜋)1/2𝜎𝑅
exp⁡[

−(𝑟−𝑅)2

2𝜎𝑅2
]𝑑𝑟

∞

0
     （4） 

with R being the average radius, and R being its standard deviation. Thus v = 
4𝜋𝑅3

3
. We 

consider Percus–Yevick expression to account for interparticle interference [37,38], then S(q) 

is the interference factor, described for a random arrangement of spheres by the following 

expression 

    𝑆(𝑞, 𝑅, 𝜙⁡) =
1

1+24𝜙(
𝐹(𝐴)

𝐴
)
       （5） 

here A = 2qR and  is the hard sphere volume fraction. F(A) is a trigonometric function of A 

and  given by 

𝐹(𝐴) =
𝛼

𝐴2
(𝑠𝑖𝑛𝐴 − 𝐴𝑐𝑜𝑠𝐴) +

𝛽

𝐴3
(2𝐴𝑠𝑖𝑛𝐴 + (2 − 𝐴2)𝑐𝑜𝑠𝐴 − 2) +

𝛾

𝐴5
(−𝐴4𝑐𝑜𝑠𝐴 +

4[(3𝐴2 − 6)𝑐𝑜𝑠𝐴 + (𝐴3 − 6𝐴)𝑠𝑖𝑛𝐴 + 6])   （6） 

where 

𝛼 = (1 + 2𝜙)2/(1 − 𝜙)4                

𝛽 = −6𝜙 (1 +
𝜙

2
)
2

/(1 − 𝜙)4              

𝛾 =
1

2𝜙
(1 + 2𝜙)2/(1 − 𝜙)4              （7） 

    At q = 0, eq. (3) can be written as 𝐼(0) = Δ𝑏2𝑛𝑣2𝑃(0)𝑆(0). Since  = nv, P(0) = 1 and 

S(0) = 1/, thus 

    𝐼(0) = Δ𝑏2𝜙𝑣/𝛼                   (8)     

    Note that I(0) on the left hand side (lhs) of eq. (8) can be experimentally extrapolated, 

and the right hand side (rhs) of eq. (8) can be theoretically calculated in terms of , v and  

being determined by HS model. Therefore, the consistency of the lhs and rhs of eq. (8) 

enables us to verify the structure models, which will be discussed in conjunction with Figure 

5 in section IV-2.  

III. Results 
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III-1, Dry membranes and membranes equilibrated in D2O. When a dry membrane is 

emerged into water, the hydrophilic blocks with sulfonic groups can absorb water and form 

hydrated regions, where the protons are able to transport, hence the proton conductivity is 

created. Thus in order to improve the proton transport efficiency of the membrane, the 

understanding of the swelling behavior and the morphology of the hydrated regions in the wet 

membrane is very crucial. In this section, we will report how the morphology of the 

membranes changes upon swelling.  

    Figure 2a presents SANS profiles for dry PSP14-b-PAEK14 membranes (profile 1, opened 

circles) and membranes equilibrated in D2O (profile 2, opened squares) at room temperature, 

respectively. Both the shape and intensity of the profiles varied significantly before and after 

swelling, indicating a big change in the morphology upon swelling. In the dry state, I(q) is 

weak and q-independent except for the upturn in the small-q range at q < 0.01 Å -1 and a small 

scattering maximum at q = 0.22 Å-1. According to the scattering theory [36], I(q) of the dry 

membranes is proportional to the square of the scattering contrast, which is the difference in 

the SLD between PSP and PAEK blocks. Hence the weak I(q) reveals a low scattering 

contrast. We estimated the SLD of PSP (without taking solvated ionic groups into account) 

blocks and PAEK blocks theoretically being 2.84 and 2.37 ( 1010 cm-2), respectively [39]. 

The small difference in SLD between the two blocks was confirmed, which is reasonable due 

to their similar molecular structures.  

    At q < 0.01 Å -1, a clear upturn is observed and we notice that I(q) vs q follows a 

power-law function at different q-ranges: at q < 0.004 Å-1, a typical Porod law for the smooth 

interface is observed, i.e. 𝐼(𝑞)⁡~⁡𝑞−4 [40], which is due to the scattering from the relatively 

smooth interface between ionomer-rich regions and ionomer-poor regions; At 0.004 Å -1 < q < 

0.01 Å -1, a power law shows 𝐼(𝑞)⁡~⁡𝑞−2, seemingly indicating a lamellar structure, though 

no typical lamellar periodical peaks were observed at q > 0.01 Å-1. The lower limit for the 

lamella thickness from qL,min = 0.004 Å-1 gives a maximum d-spacing (=2/qL,min) about 157 
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nm. The possible lamellar signature will be further discussed in Section VI in conjunction 

with morphology models. 

     

    Figure 2 

    The small scattering maximum (ionomer peak) clearly shown in profile 1 at the peak 

position, qm,ion (= 0.22 Å-1), reveals the mean distance between the sulfonic ionic clusters 

randomly distributed along the polymer chains to be d  2/qm,ion = 28.5 Å. This value is very 

close to the recent reported data of 23 Å in sulfonated poly(ether ether ketone) (sPEEK) 

system with a similar sulfonation degree [41]. However, the direct SANS signal of the dry 

sample in ref. 41 was too low to give the structure signature. In the present study, the ionomer 

peak was clearly observed. This may be partially due to an increased scattering contrast 

induced by the multiblock chain structure, and partially due to the narrow distribution of ionic 

clusters. The distribution of the ionic clusters can be fitted well by Gaussian distribution 

function, where the scattering intensity around the ionomer peak at 0.08 Å-1 < q < 0.45 Å-1, 

Iion(q), can be expressed by eq. (9) below  

          𝐼𝑖𝑜𝑛(𝑞) = 𝐼𝑚,𝑖𝑜𝑛𝐺(𝑞) +⁡𝐼𝑖𝑛𝑐          (9) 

where Im,ion is the iomomer peak height, G(q) is Gaussian distribution function about the 
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ionomer peak at qm,ion, given by⁡𝐺(𝑞) =
1

(2𝜋)1/2𝜎𝑞
exp⁡[−(𝑞 − 𝑞𝑚,𝑖𝑜𝑛)

2
/(2𝜎𝑞

2)], with q 

being the standard deviation of qm,ion, and Iinc is the incoherent scattering intensity, which can 

be determined by the average intensity of the flat part of the profile at q > 0.4 Å-1 in the 

high-q region. Eq. (9) is used to fit profile 1 and the best-fitted theoretical curve (dashed red 

line) is presented in the figure as well. The relative standard deviation, q/qm,ion, for the dry 

membrane was thus determined to be 0.136. The best fitted results of the iomomer peak for 

the membranes in both dry and wet (in the water mixture with different H2O/D2O ratios) 

states are listed in Table 2.  

    Note that profile 1 in Figure 2a for the dry membranes only exhibits one scattering 

maximum of the ionomer peak at high-q range, but no crystalline peaks appear in the 

middle-q range. Generally, PAEK polymers, oligomers and their derivatives are known to be 

semicrystalline polymers [42-44], therefore, similar to Nafion [45-47], the SANS spectra of 

these polymers with low sulfonation degree [41] usually exhibit two scattering maxima 

attributing to the ionomer and crystalline domains, respectively. However, the crystallinity 

index decreases with the increasing sulfonation degree. For instance, sPEEK membranes are 

reported to be amorphous when a sulfonation degree is over 50% [48]. The absence of 

crystalline maximum in profile 1 (and in profile 3 as well) supports the conclusion that 

[PSPx-b-PAEKy]n membranes in the present study are amorphous, which was also confirmed 

by differential scanning calorimetry (DSC) measurement. This possibly results from the high 

sulfonation degree and the sequence interruption by the multiblock structures.  

    Profile 2 of the fully D2O-swollen PSP14-b-PAEK14 membranes is also shown in Figure 

2a. We observe that: 1) I(q) is much larger than that of profile 1 throughout the whole q range 

except for that at q > 0.3 Å-1. Note that water has been absorbed saturatedly around 

hydrophilic PSP blocks with a total U value of 0.2 to form hydrated regions. The scattering 

contrast between the hydrated regions and hydrophobic regions is much enhanced because the 
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absorbed heavy water has a large SLD, which increases the average SLD of the hydrated 

regions effectively [39]. In the high-q range at q > 0.3 Å-1, I(q) was found to be q-independent 

and slightly lower than that of profile 1. Note that in this q range, I(q) is mainly due to the 

incoherent scattering intensity, Iinc, hence it suggests a fact that Iinc of the D2O-swollen 

membrane is lower than that of the dry membrane. Note that Iinc is simply proportional to the 

total number of hydrogen atoms in the volume irradiated by the incident neutron beam, 

therefore, the incorporation of D2O in the scattering volume has no contribution to Iinc, 

however, the swelling effect by D2O increases the distance between two neighbored 

hydrophilic blocks, and reduces the number density of hydrogen atoms covalently bonded on 

the blocks in a given scattering volume, consequently, Iinc decreases.  

    In addition to the change in I(q) described in 1), we also observe the following changes 

in the shape of the profile 2 arising from the swelling effects: 2) ionomer peak at the high-q 

range is more obvious due to the enhanced scattering contrast with the incorporation of D2O, 

and the peak position shifts towards low-q range from 0.22 to 0.18 Å -1, indicating an 

increased mean distance to 34.9 Å upon swelling. q/qm,ion of the wet membrane was 

determined to be 0.194 (see Table 2); 3) A strong scattering maximum in the middle-q region 

appears, which is due to the formation of the hydrated regions as a result of water induced 

microphase separation. The profile in this region can be fitted well by using HS-model. The 

best fit was obtained with R = 8.5 nm, R/R = 0.247 and  = 0.32 as shown in Table 2. The 

resultant best-fitted curves at the middle-q range and high-q range are shown by the dashed 

red lines separately in the figure, and their sum-up curve is also shown by the solid red line; 

4) the upturn appears at q < 0.007 Å-1 and I(q) vs q follows the power law function of 

𝐼(𝑞)⁡~⁡𝑞−2, indicating the possible lamellar structure conserved from the dry membranes. 

However, the upturn shifts to the low-q range and its intensity is much increased in 

comparison with that of the dry membranes, revealing that the lamellar d-spacing increases 

with the incorporated D2O inside one lamella.  
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    Figure 2b presents scattering profiles for PSP28-b-PAEK14 membranes measured in both 

dry (profile 3, opened circles) state and equilibrated in D2O (profile 4, opened squares) at 

room temperature, respectively. All of the swelling effects from 1) to 4) mentioned above 

were found in PSP28-b-PAEK14 membranes as well, but much more enhanced: 1) I(q) of 

profile 4 at q < 0.3 A-1 is much enhanced due to the increased contrast by the large water 

uptake up to 0.65. At q > 0.3 Å -1, I(q) was found to be much lower than profile 3 because Iinc 

is further decreased due to the larger D2O swelling effect. 2) ionomer peak in profile 4 is also 

enhanced, and the peak position shifts to the left more from 0.22 to 0.15 Å-1 (see Table 2), 

indicating a larger d of the wet membrane being 41.9 Å; 3) the broad scattering maximum 

original from the formation of the hydrated regions appears in the middle-q range. The values 

of R, R/R and  of the microdomains formed in wet PSP28-b-PAEK14 membranes were 

determined from the best fitting by HS model to be 145 Å, 0.245 and 0.07 as shown in Table 

2, respectively. The best fitted curves at the middle-q range and high-q range, and their 

sum-up are shown in the figure by dashed and solid red lines, respectively; 4) the upturn at q 

< 0.01 Å-1 is as same as that was observed in Figure 2a. The swelling behaviors for the two 

types of membranes are similar, indicating the morphologies of the two as-cast dry 

membranes are similar, where the sulfonic groups are distributed more or less homogeneously 

in the membranes. 

III-2, Polymer-solvent contrast variation. In this section, contrast variation SANS 

measurements on the two membranes, which were equilibrated in the mixtures of normal 

water and deuterated water with different volume ratios, are performed. According to these 

results, we shall check the validity of the model analysis, which we have used to elucidate the 

swelling behavior of the membranes in section III-1, and will find the matching point where 

the scattering contrast is minimum. 

III-2.1 Validity of HS model analysis. Since the structure of the membranes is believed to be 

invariant whether the solvent is normal or deuterated, a valid structural model should give the 
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same values of R, R/R and  when it is applied to fit the experimental data at all contrasts. 

Figures 3a and 3b show the scattering profiles of PSP14-b-PAEK14 and PSP28-b-PAEK14 

membranes swollen in water mixtures of normal water and deuterated water with different 

volume ratios, respectively. All of the profiles at middle-q range can be well-fitted by HS 

model with the same values of R, R/R and  (see Table 2 and the fitting curves in sold lines 

in Figures 3a and 3b). It confirms the validity of the HS model analysis.  

    Note that HS model also works well to fit the scattering data of the partially swollen 

membranes, where the membranes were equilibrated at a given relative humidity (RH = 30%). 

Similar sphere size (peak position) and the size distribution but different volume fractions 

were obtained from the partially swollen samples in comparison with the fully swollen 

samples, which not only confirm the validity of the HS model analysis, but also clarify that 

the other model having periodicity such as lamellae or cylinders is not proper to describe the 

morphology of hydrated regions in the middle-q range, because in those models the peak 

position should have shifted with water content. The detailed model analysis of 

PSP14-b-PAEK14 and PSP28-b-PAEK14 membranes equilibrated at RH = 30% can be found in 

Ref [49] in conjunction with Figures 1a and 1b in Ref [49]. 

 

        Figure 3 
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III-2.2 Matching points. The scattering maxima at the middle-q range (Im,HM) and peak 

heights at high-q range (Im,ion) are obtained for the profiles at all contrast, and they vary as a 

function of the volume fraction of deuterated water in the water mixture, fD2O.  

    Figure 4a shows the plot of Im,HM versus fD2O for both PSP14-b-PAEK14 and 

PSP28-b-PAEK14 membranes. Note that only a shoulder instead of a peak appears in the 

scattering profiles of the wet PSP28-b-PAEK14 membranes, therefore we plot the scattering 

intensity at q ~ 0.0098 Å-1 as Im,HM. The fraction of fD2O at which a minimum Im,HM appears 

means the contrast matching point where the scattering contrast between the hydrated and 

hydrophobic domains is minimum. The volume fraction of deuterated water at the matching 

point, yHM, was found to be of ~32% for PSP14-b-PAEK14 membranes and of ~35% for 

PSP28-b-PAEK14 membranes, respectively. 

    The evolution of Im,ion with fD2O is presented in Figure 4b for both PSP14-b-PAEK14 and 

PSP28-b-PAEK14 membranes. The volume fraction of deuterated water at the matching point 

in the high-q range, yion, where Im,ion is minimum, was found to be the same for both 

membranes of ~50%. At yion, nearly no ionomer peak was observed, revealing that the SLD of 

hydrophilic PSP blocks, bPSP, matches that of the water, bw,ion. bw,ion can be estimated by the 

volume averaged SLD of D2O and H2O in the mixture, given by 𝑏𝑤,𝑖𝑜𝑛 = 𝑦𝑖𝑜𝑛𝑏𝐷2𝑂 +

(1 − 𝑦𝑖𝑜𝑛)𝑏𝐻2𝑂, where bD2O = 6.34  1010 cm-2 and bH2O = -0.56  1010 cm-2 are the SLD of 

D2O and H2O, respectively [34]. Thus bPSP = 2.89  1010 cm-2 is estimated, and in good 

agreement with the value of 2.84  1010 cm-2 calculated from the chemical formula without 

taking solvated ionic groups into account as mentioned in section III-1 [39,42]. This result 

confirms the correctness of bPSP.  
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      Figure 4 

IV. Discussion 

IV-1 Large length scale morphology at low-q rang. Although the polymer used in this study 

is evidenced to be amorphous, their natural tendency to crystallize may generate some 

polymer chain alignments that favor the formation of lamellar structures, as what has been 

reported by Gebel [41] that the lamellar structure seems intrinsic to sulfonated ether ketone 

polymers, though not a direct consequence of their semicrystalline nature. Since the current 

experimental temperature is far below the glass transition temperature of the polymer (~ 230 

oC), the lamellar structure frame formed in the dry membranes is conserved in the swelling 

process. The incorporation of water in ionic clusters just creates new patterns (spheres) of 

hydrated regions within lamellae. Furthermore, the q-2 power law of the scattering intensity at 

low-q range has been observed for both dry (0.004 Å-1 < q < 0.01 Å-1) and wet membranes (q 

< 0.004 Å-1) in Figures 2a and 2b, which possibly indicates a lamellar spacing at a large 

length scale about 1500 Å (=2/0.004) for the dry sample and larger than 1500 Å for the wet 

sample, respectively. Within a lamella, the morphology of hydrated regions in the wet 

membranes is proposed to be randomly distributed spheres as described by HM models in 

section III and illustrated in Figure 5. 
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IV-2 Interconnected hydrated regions. To judge the hydrated regions are interconnected or 

not, we first assume a perfect HS model that the spheres are isolated and the hydrated 

domains are composed of PSP blocks and water. Based upon this assumption, we think about 

two types of dispersions of the hydrated regions schematically shown in Figure 5a: 

hydrophilic spheres in the hydrophobic matrix; and Figure 5b: hydrophobic spheres in the 

hydrophilic matrix. In this section, we will discuss these two models separately. 

                    Figure 5 

IV-2.1 Case of Figure 5a. In this case, the hydrated spheres are proposed to disperse in the 

hydrophobic matrix. Thus SLD of hydrated spheres, bsphere, is given by the averaged SLD of 

all the components in the spheres as 

                𝑏𝑠𝑝ℎ𝑒𝑟𝑒 =
𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃

𝑖𝑛 +𝑏𝑤𝜙𝑤
𝑖𝑛

𝜙𝑃𝑆𝑃
𝑖𝑛 +𝜙𝑤

𝑖𝑛 =
𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃

𝑖𝑛 +𝑏𝑤𝜙𝑤
𝑖𝑛

𝜙
         (10) 

where bx means the SLD of x (x= PSP or w, being PSP blocks and water mixture, 

respectively). x
in means the volume fraction of x in the hydrated sphere regions, and  is the 

volume fraction of spheres estimated by HS model. Thus 𝜙𝑃𝑆𝑃
𝑖𝑛 + 𝜙𝑤

𝑖𝑛 = 𝜙. 

    The hydrophobic matrix is assumed to be made of PAEK chains mainly, thus the SLD of 

the matrix, bmatrix, can be roughly calculated by the SLD of PAEK blocks, bPAEK, as follows 

              𝑏𝑚𝑎𝑡𝑟𝑖𝑥 = 𝑏𝑃𝐴𝐸𝐾        (11) 

Thus, bmatrix is estimated to be 2.37  1010 cm-2. 

    We first consider PSP14-b-PAEK14 membranes. At the matching point, the contrast 
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between hydrated spheres and matrix disappears and gives⁡𝑏𝑠𝑝ℎ𝑒𝑟𝑒 ⁡= ⁡𝑏𝑚𝑎𝑡𝑟𝑖𝑥. bw in eq. (10) 

can be calculated as a function of fD2O as below 

             𝑏𝑤 = 𝑏𝐷2𝑂𝑓𝐷2𝑂 + 𝑏𝐻2𝑜(1 − 𝑓𝐷2𝑂)          (12) 

At the matching point, fD2O = yHM ~ 32%. Bring yHM back to Eqs (10) ~ (12), we have w
in = 

0.132 and PSP
in = 0.188, and these results are listed in Table 3. The total volume fraction of 

water or PSP, x (x = w or PSP) shown in Table 1 was found to be larger than x
in. The 

deviation between x
in and x, designated as x

out, is proposed to be x distributed in the matrix, 

which forms hydrated channels to interconnect the hydrated spheres and offer the important 

proton conductivity. The scattering by these channels is believed to be much smaller than that 

from the dominant sphere regions. x
out for PSP14-b-PAEK14 membranes is thus given as 

follows: 𝜙𝑤
𝑜𝑢𝑡 = 𝜙𝑤 − 𝜙𝑤

𝑖𝑛 = 0.068 and 𝜙𝑃𝑆𝑃
𝑜𝑢𝑡 = 𝜙𝑃𝑆𝑃 − 𝜙𝑃𝑆𝑃

𝑖𝑛 = 0.279. These results are 

also listed in Table 3.  

    The same calculations were also made for PSP28-b-PAEK14 membranes with respect to 

yHM ~ 35% at the matching point. The resultant w
in is 0.026 and PSP

in is 0.044, both values 

are surprisingly smaller than x
out values of water and PSP blocks being w

out = 0.434 and 

PSP
out = 0.286. This result forces us to think about the other possibility of the structure: 

hydrophobic PAEK spheres disperse in the hydrophilic matrix. We will discuss this possibility 

in the following case of Figure 5b. 

    Note that considering the existence of x
out, the model shown in Figure 5a should be 

corrected to the one shown in Figure 5c, where the interconnected hydrated channels can be 

taken into account as a part of the matrix. 

IV-2.2 Case of Figure 5b. In this section, an inverse structure of the model in Figure 5a is 

proposed, which is characterized by the dispersion of hydrophobic spheres in a hydrophilic 

matrix. The SLD of the hydrophobic sphere regions, bsphere, and that of the hydrated matrix, 

bmatrix, thus are given by 

               𝑏𝑠𝑝ℎ𝑒𝑟𝑒 = 𝑏𝑃𝐴𝐸𝐾            (13) 
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               𝑏𝑚𝑎𝑡𝑟𝑖𝑥 =
𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃+𝑏𝑤𝜙𝑤

𝜙𝑃𝑆𝑃+𝜙𝑤
     (14) 

At the matching point of yHM, eq (14) gives bmatrix ~ 2.39  1010 cm-2 for PSP14-b-PAEK14 

membranes and 2.34  1010 cm-2 for PSP28-b-PAEK14 membranes, respectively. Both values 

are in good agreement with the theoretical value of bPAEK = 2.37  1010 cm-2 in eq. (13). 

Hence, at yHM the matching between hydrophobic PAEK spheres and hydrated matrix 

reasonably occurs. This result confirms not only the correctness of bPAEK, but also the 

possibility that membranes might have an inverse matrix.  

    Note that though the hydrophobic spheres are assumed to be made of PAEK blocks, we 

found  < PAEK for both samples, thus the deviation between  and PAEK is defined as 

PAEK
out (= PAEK - ) being the volume fraction of PAEK distributed out of the sphere regions, 

in the other word, it is proposed to be the bridges to connect the hydrophobic PAEK spheres. 

Thus according to the model in Figure 5b, the determined PAEK
out is 0.133 for 

PSP14-b-PAEK14 membranes and 0.14 for PSP28-b-PAEK14 membranes, respectively. All these 

results are summarized in Table 3. Note that PAEK
out is larger than  in the case of 

PSP28-b-PAEK14 membranes, which can be understood if we take the ionomer-poor lamellae 

into account. Considering the existence of PAEK
out, the model shown in Figure 5b has been 

corrected to the one shown in Figure 5d, where the PAEK bridges or interconnections are 

treated as a part of the matrix. 

    It should be also noted that similar to Nafion, both PSP14-b-PAKE14 and PSP28-b-PAKE14 

show no melting endotherm upon the melting of frozen absorbed water via DSC measurement, 

indicating very loosely bound water under the current swollen sample conditions [50], which 

makes the quantitative determination of the fraction of bound water difficult. However, 

according to our previous study on cellulose membrane samples, the bound water can be 

roughly estimated by the weight difference between the naturally dried sample (i.e., dried in 

air) and the completely dried sample by vacuum drying [51]. According to this method, the 
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bound water uptakes of PSP14-b-PAKE14 and PSP28-b-PAKE14 membranes are roughly 

estimated to be 3.0% and 4.6%, respectively. Then the remains of the water uptake of each 

sample are expected to be free water. 

IV-3 Amphiphilicity of the matrix at middle-q range. The discussion in section IV-2 above 

confirms that the hydrated regions are interconnected, however, the amphiphilicity of the 

matrix might be either hydrophobic (shown in Figure 5c) or hydrophilic (shown in Figure 5d). 

In this section, we shall quantitatively judge the amphihilicity of the matrix in terms of 

contrast variation results.  

    Note that the expression of b (= bsphere – bmatrix) in eq. (8) depends on the amphiphilicity 

of the spheres and matrix, hence the consistency of the lhs and rhs of eq. (8) enables us to 

verify the structure models. The cases of PSP14-b-PAEK14 and PSP28-b-PAEK14 membranes 

will be separately discussed as below. 

IV-3.1 Case of PSP14-b-PAEK14.  We will first consider PSP14-b-PAEK14 membranes in 

terms of the model in Figure 5c. b is given by 

   ∆𝑏 =
𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃

𝑖𝑛 +𝑏𝑤𝜙𝑤
𝑖𝑛

𝜙
−

𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃
𝑜𝑢𝑡 +𝑏𝑤𝜙𝑤

𝑜𝑢𝑡+𝑏𝑃𝐴𝐸𝐾𝜙𝑃𝐴𝐸𝐾

1−𝜙
      (15) 

All of the parameters in eq. (15) have been listed in Table 3, except bw, which depends on fD2O 

and is given by eq. (12). Thus rhs of eq. (8) can be calculated as a function of fD2O. I(0) in eq. 

(8) can be estimated by extrapolating the best-fitted lines to q = 0 for all contrasts shown in 

Figure 3a. We plot the resultant I(0) and rhs of eq. (8) for PSP14-b-PAEK14 membranes in 

Figure 6a, and a good consistency between I(0) and rhs of eq. (8) is obtained with a linear 

relationship having a slope of 1.04 + 0.03. 

    On the other hand, if one considers the model shown in Figure 5d. b is written by 

          ∆𝑏 = 𝑏𝑃𝐴𝐸𝐾 −
𝑏𝑃𝑆𝑃𝜙𝑃𝑆𝑃+𝑏𝑤𝜙𝑤+𝑏𝑃𝐴𝐸𝐾𝜙𝑃𝐴𝐸𝐾

𝑜𝑢𝑡

1−𝜙
      (16) 

Similarly, all of the parameters in eq. (16), except bw, are known as listed in Table 3. Thus rhs 

of eq. (8) can also be calculated as a function of fD2O. The plot of I(0) versus rhs of eq. (8) was 
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shown in Figure 6b, and the linear fitting gives a slope of 1.21 + 0.02.  

    Compared to the model shown in Figure 5d, the model in Figure 5c works better for 

PSP14-b-PAEK14 membranes. Thus, the morphology of PSP14-b-PAEK14 membranes is 

characterized by a structure of interconnected hydrated spheres, embedded in the hydrophobic 

matrix. Note that the deviation between Figures 6a and 6b is not profound, indicating that the 

size and distribution of hydrated regions and hydrophobic regions are similar in 

PSP14-b-PAEK14 membranes.  

    Figure 6 

IV-3.2 Case of PSP28-b-PAEK14.  In this section, we will consider the morphology of 

PSP28-b-PAEK14 membranes in terms of models shown in Figures 5c and 5d. Firstly, the 

velidity of the model in Figure 5c was checked by eq. (8). b can be calculated by eq. (15) 

and thus the rhs of eq. (8) can be deduced as a function of fD2O. The plot of I(0) versus rhs of 

eq. (8) is shown in Figure 7a, and the linear fitting shows a slope of 9.0 + 0.4, indicating a 

very poor consistency, thus the model of Figure 5c was ruled out to describe the morphology 

of PSP28-b-PAEK14 membranes. 
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    Next, we consider the model shown in Figure 5d. b can be given by eq. (16) and again 

the rhs of eq. (8) can be calcualted for all contrasts. The plot of I(0) vs rhs of eq. (8) is shown 

in Figure 7b, and the linear fitting shows a slope of 0.81 + 0.03, indicating a fairly good 

consistency between the two datasets. Therefore, the morphology of PSP28-b-PAEK14 

membranes can be described well by the structure model shown in Figure 5d, where 

interconnected hydrophobic spheres are floating in the hydrated matrix.  

    Figure 7 

IV-4 Interplay between the morphology and property for PEMs.  Let us next consider 

the interplay between the morphology and the property of the membranes. According to the 

discussions in section IV-2&3, the common characteristic structure of both PSP28-b-PAKE14 

and PSP14-b-PAKE14 membranes is the existence of the interconnected hydrated regions, 

which is believed to play a key role to improve the proton conductivity of the membrane. In 

Table 1, the characterizations of IEC, water uptake and proton conductivity of each membrane 

were summarized. It can be found that PSP28-b-PAKE14 membrane exhibits relatively high 

IEC value (1.8 mmol/g) in comparison with that of PSP14-b-PAKE14 membrane (1.15 

mmol/g) and the reported value of the benchmark: Nafion membrane (0.91 mmol/g) [52], 

revealing a larger density of acidic sulfonic groups in PSP28-b-PAKE14 sample. This result is 

consistent with the SANS analysis in the sections above, which shows that PSP28-b-PAKE14 
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membrane has more pronounced hydrophilic/hydrophobic microphase separation than 

PSP14-b-PAKE14 membrane evidenced by the larger hydrated regions as a matrix and the 

larger segregation power predicted by the more acidic sulfonic groups. On one hand, this 

leads to the high ion diffusion and water transport; on the other hand, the large and hydrated 

matrix might result to relatively poor mechanical properties.  

V. Conclusion 

In summary, we have employed contrast variation small angle neutron scattering method 

to investigate the structure of two synthesized hydrocarbon polymer electrolyte membranes 

composed of multiblock copolymers, poly(sulphonate phenylene)-b-poly(arylene ether ketone) 

with different block ratios. The scattering intensity upturn with q-2 power law at low-q range 

indicates a possible lamellar structure at the large length scale due to the semicrystalline 

nature of the polymers. Hard-Sphere model with Percus-Yervick interference approximation 

is able to fit the SANS data nicely in the middle-q range and describes the structure rationally 

over all contrasts. On the basis of HS model, we propose that hydrated sphere regions 

interconnected by hydrated channels are formed in both membranes, within which ionic 

clusters are randomly distributed. The morphology of the water swollen membranes depends 

on the ratio of hydrophilic blocks to hydrophobic blocks: PSP14-b-PAEK14 membrane which 

has less ionic groups is characterized by a network structure of interconnected hydrated 

spheres accompanied by a similar-sized interconnected PAEK hydrophobic regions as 

schematically shown in Figure 5c; while PSP28-b-PAEK14 membrane which has more ionic 

groups is characterized by the interconnected PAEK hydrophobic polymer spheres floating in 

the interconnected hydrated matrix, as schematically shown in Figure 5d. The interconnected 

hydrated regions are responsible for the desired property of PEMs, where high proton 

conductivity is expected through the membranes.
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Figure caption 

Figure 1   Molecular structure of the multiple block copolymer [PSPx-b-PAEKy]n used in 

this study, where the subscript x and y refer to the repeating unit number of 

hydrophilic PSP blocks and hydrophobic PAEK blocks, respectively. n means the 

repeating number of the diblock segment unit. 

Figure 2 Part (a): SANS profiles measured for dry (circles) and fully D2O swollen 

(squares) PSP14-b-PAEK14 membranes at room temperature. The best-fitted curve 

at high-q range based on eq. (9) for the dry membrane is shown in the figure by 

the red dashed line. The best-fitted theoretical curve ranging from the middle-q 

region based on HS model (R = 85 Å, R/R = 0.247 and = 0.32) to the high-q 

region based on eq. (9) for the swollen membrane is also shown in the figure by a 

red solid line. Part (b): SANS profiles measured for dry (circles) and fully D2O 

swollen (squares) PSP28-b-PAEK14 membranes at room temperature. The 

best-fitted curve at high-q range based on eq. (9) for the dry membrane is shown 

in the figure by red dashed line. The best-fitted theoretical curve ranging from the 

middle-q region based on HS model (R = 145 Å, R/R = 0.245 and = 0.07) to 

the high-q region based on eq. (9) for the swollen membrane is also shown in the 

figure by a red solid line. 

Figure 3 Part (a): Contrast variations of the SANS profiles (symbols) obtained from 

PSP14-b-PAEK14 membranes swollen in water mixture at fD2O = 100%, 85%, 70%, 

55%, 45%, 20%, and 0%, respectively. The best-fitted theoretical profiles (solid 

line) based on the HS model analysis with the same R = 85 Å, R/R = 0.247 and  

= 0.32 are also shown in the figure. Part (b): Contrast variations of the SANS 

profiles (symbols) obtained from PSP28-b-PAEK14 membranes swollen in water 

mixture at fD2O = 100%, 85%, 70%, 55%, 45%, 20%, and 0%, respectively. The 

best-fitted theoretical profiles (solid line) based on the HS model analysis with the 
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same R = 145 Å, R/R = 0.245 and  = 0.07 are also shown in the figure. 

Figure 4 Part (a): fD2O dependence of the scattering maximum observed in the middle-q 

region (Im,HM) for PSP14-b-PAEK14 and PSP28-b-PAEK14 membranes swollen in 

water mixtures of H2O and D2O with different volume ratios. Im,HM for 

PSP28-b-PAEK14 membranes is practically selected to be the intensity at q = 

0.0098 Å-1. Part (b): fD2O dependence of the height of the peak observed at the 

high-q region (Im,ion) obtained by eq. (9) for PSP14-b-PAEK14 and 

PSP28-b-PAEK14 membranes swollen in water mixtures of H2O and D2O with 

different volume ratios. 

Figure 5  Possible models to elucidate the morphologies: (a) hydrated spheres (in blue) in a 

hydrophobic matrix (in gray); (b) hydrophobic spheres (in gray) in a hydrated 

matrix (in blue); (c) interconnected hydrated spheres in a hydrophobic matrix; (d) 

interconnected hydrophobic spheres in a hydrated matrix. 

Figure 6 Plot of I(0) as a function of Δ𝑏2𝜙𝑣/𝛼  for PSP14-b-PAEK14 membranes 

according to Part (a): Figure 5(c); Part (b): Figure 5(d). 

Figure 7 Plot of I(0) as a function of Δ𝑏2𝜙𝑣/𝛼  for PSP28-b-PAEK14 membranes 

according to Part (a): Figure 5(c); Part (b): Figure 5(d). 
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Table 1 Characteristics of the two membranes used in this study. 

 PSP14-b-PAEK14 PSP28-b-PAEK14 

Mn ( 10-3)a 22.0 58.0 

Mw/Mn 3.2 2.2 

nb 2 3.5 

dp (g/cm3)c 1.39 1.43 

Ion Exchange Capacity (IEC) 

(meq/g)d 

1.15 1.8 

Proton conductivity at 30 oC 

(mS/cm) 

15.4 16.5 

Ue 0.20 0.65 

w
f  0.20 0.46 

PSP
g 0.347 0.33 

PAEK
g 0.453 0.21 

 

a: Determined by SEC using Dimethylformamide (DMF) as an eluent. 

b: Averaged degree of polymerization of each sample estimated from its Mn. 

c: Averaged mass density calculated from the weight and volume of the given dry membrane. 

d: Determined by back titration. 

e: Measured in D2O at 25 ºC. 

f: Volume fraction of water incorporated in the wet membranes calculated from eq. (2). 

g: Volume fractions of PSP blocks and PAEK blocks incorporated in the wet membranes, on 

the basis of the mass density of which being 1.495 or 1.32 g/cm3, deduced from dp of the two 

dry membranes. 

  



 33 

Table 2  Parameters used to fit SANS results for PSP14-b-PAEK14 and PSP28-b-PAEK14   

membranes in the dry and fully-swollen states by eqs. (3) & (9)     

 

PSP14-b-PAEK14 middle-q range (HS model) 

     R (Å)  R/R    K 

high-q range (ionomer peak) 

Im,ion   qm,ion (Å
-1)  q/qm,ion 

dry -      -       -      - 0.004     0.22     0.136 

fully-swollen with fD2O (%)  

0 

20 

45 

55 

70 

85 

100 

 

                   36.5 

                   2.84 

                   9.44 

0.32   85   0.247   23.0 

                   62.0 

                  117.0 

                  211.3 

 

0.028 

0.01 

0.001 

0.0005    0.18     0.194 

0.0025 

0.01 

0.026 

 

PSP28-b-PAEK14 middle-q range (HS model) 

     R (Å)  R/R    K 

high-q range (ionomer peak) 

Im,ion    qm (Å-1)     q/qm 

dry -      -       -      - 0.004     0.22     0.136 

fully-swollen with fD2O (%) 

0 

20 

45 

55 

70 

85 

100 

 

                  100.8 

                   15.8 

                   6.95 

0.07   145   0.245  24.3 

                   81.7 

                  139.0 

                  295.3 

 

0.09 

0.034 

0.002 

0.001    0.152     0.243 

0.0088 

0.026 

0.08 
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Table 3  Parameters deduced from contrast variation SANS results on the basis of the     

models shown in Figures 5c and 5d. 

 

Models 

            Figure 5c                           Figure 5d 

         w
in      w

out      PSP
in     PSP

out         PAEK
in   PAEK

out 

PSP14-b-PAEK14     0.132     0.068      0.188     0.279         0.32      0.133 

PSP28- b-PAEK14     0.026     0.434     0.044     0.286         0.07       0.14 

 

 

Sample 


