
 ii 

Table of Contents 

Acknowledgements .................................................................................................................. iv 

Abstract ..................................................................................................................................... v 

Chapter 1   Proton exchange membranes for fuel cells ............................................................ 1 

1.1 Introduction ................................................................................................................. 1 

1.2 Principles of proton exchange membrane fuel cells ................................................... 2 

1.3 Technical challenges of PEM fuel cells ...................................................................... 4 

1.4 Transport mechanisms of protons in PEMs ................................................................ 7 

1.5 The structure of the PFSA ionomer membrane .......................................................... 9 

1.6 Improved PEM with inorganic nanoparticles ........................................................... 11 

1.7 Organization of the dissertation ................................................................................ 13 

1.8 Copyright permissions .............................................................................................. 13 

1.9 References ................................................................................................................. 14 

Chapter 2   Solid state NMR for material characterization ..................................................... 19 

2.1 Introduction ............................................................................................................... 19 

2.2 Solid state NMR with magical angle spinning ......................................................... 19 

2.3 Internuclear distance measurements ......................................................................... 25 

2.4 2D heteronuclear and homonuclear correlation spectroscopy .................................. 28 

2.5 Dynamics and orientation studied by 
2
H NMR ........................................................ 31 

2.6 References ................................................................................................................. 33 

Chapter 3   Water-polymer interface in Nafion and the parallel water channel model .......... 34 

Introduction ..................................................................................................................... 34 

Results ............................................................................................................................. 35 

Discussion ....................................................................................................................... 41 

Conclusions ..................................................................................................................... 43 

References ....................................................................................................................... 43 

Chapter 4  An estimate of the persistence length of water channels in Nafion from 
2
H NMR 

of D2O ..................................................................................................................................... 45 

Introduction ..................................................................................................................... 46 





 

 

34 

Chapter 3  

 

Water-polymer interface in Nafion and the parallel water channel model 

 

Xueqian Kong, Klaus Schmidt-Rohr 
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Abstract 

The water-polymer interfacial area, which is reflected in the Porod region of small-angle 

scattering data, is an important parameter of different models of the Nafion fuel cell 

membrane. Therefore, we have compared published experimental data of Nafion with 

various structural models, in particular the parallel water-channel model. The surface-to-

volume ratio extracted at intermediate hydration levels typical of fuel-cell conditions matches 

that of the parallel water-channel model with molecular corrugation. In addition, it is shown 

that for less than 3.5 water molecules per Nafion sidegroup, the interfacial area must increase 

strongly with hydration, contrary to the predictions of the polymer bundle model.  

 

Introduction 

Recently, we introduced a new and relatively simple model of Nafion, the benchmark 

material for proton-exchange membranes in fuel cells 
1,2

, based on quantitative simulations of 

small-angle scattering data. 
3
 It features parallel water channels with diameters around 2.4 

nm (at 20 vol% H2O) and includes elongated crystallites. We also reproduced the changes in 

small-angle scattering curves with increasing hydration. Nevertheless, it has been suggested 

that this model is not valid because it predicts water-polymer interfacial areas increasing with 

hydration, while small-angle scattering supposedly shows a constant interfacial area. 
4
 To 

address this issue, in this Note we compare published experimental interfacial areas in 

hydrated Nafion of 1100 equivalent weight from the Porod region of SAXS curves 
5,6

 with 

predictions by various structural models, focusing on the low to intermediate hydration levels 

up to 30 vol% H2O relevant in fuel-cell conditions.  
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Results 

Experimental data from the literature. Figure 1 shows S/V data points for Nafion 1100 as 

a function of water volume fraction, obtained by Gebel et al. 
5
 and Kreuer et al. 

6
 from 

analysis of the Porod region of SANS and SAXS data, respectively. In the range of 29 to 92 

vol% water the surface-to-volume ratio, normalized for the polymer volume fraction, has 

been found to be essentially constant. 
5,7

 These samples were mostly prepared at high 

pressure, and the water volume fraction is mostly higher than in the fuel-cell environment. 

The result has been reported in terms the area per sidegroup,  = 0.55 nm
2
. With the volume 

0 = 0.87 nm
3
 per sidegroup 

5
, one can calculate the surface-to-volume ratio 

 

 S/V = p/0 = p 0.63/nm       (3.1) 

 

where p is the polymer volume fraction. The error margins deduced from the Porod plot in 

Figure 3.1 B of ref.5 are ± 10%. The complete set of experimental data suggests a slightly 

higher value of  = 0.6 nm
2
 per headgroup. 

 

Structural constraints. The fact that hydrated Nafion does not phase separate into dry 

polymer and liquid water shows that it is favorable for the sulfonate groups to be hydrated.  

Then, in constructing or considering structural models of Nafion, the main constraint is the 

~3.6 nm dimension of two Nafion molecules packed back-to-back. At all but extremely low 

water contents, any point in the polymer, apart from ~10% of crystalline material, should be 

within ≤ 3.6 nm/2 = 1.8 nm from the nearest polymer-water interface. Our water-channel 

model presented in ref.3 fulfills this requirement.  This thickness constraint excludes thick 

polymer bundles or large spacings between water channels. On the other hand, thick layers of 

water or varying diameters of water channels are possible. As a result, S/V values for p and 

1- p do not have to be equal or even similar, which explains the lack of symmetry of the plot 

in Figure 3.1. 

Further, stiffness of the Nafion polymer backbones is clearly an important structural 

aspect.  Mainly due to the large size of the fluorine substitutents, the backbone of Nafion 

forms a helix that is relatively stiff 
8,9

 compared to its protonated analogues, and therefore the 

Nafion matrix is not unstructured on the scale of the diameter of the hydrated clusters; this 
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accounts for the formation of bundles of polymer in excess water and excludes spherical 

clusters of diameters approaching the intrinsic 3.6-nm length scale. 

 

 

S/V in the polymer ribbon model. In a polymer ribbon model with N ribbons of width w, 

thickness dp, length L, and polymer volume fraction  

 

p = N L w dp/Vtot,       (3.2) 

 

the surface-to-volume ratio is  

 

  S/V = N2L(w+d)/Vtot = 2 p(w+dp)/(wd)    (3.3) 

 

For wide ribbons, w >> dp =  p Lp with the long period LP and the expression simplifies to 

 

  S/V = p 2/dp        (3.4) 

 

The ribbon thickness dp can be estimated from the polymer fraction p and long period ap 

derived from the ionomer peak position q* in SAXS, 
10

 q* = 2/ap in this simple one-

dimensional situation of stacked ribbons. For w = 0.2 and ap = 4 nm, 
10

 we find d = p ap = 

3.2 nm and thus Eq. 3.4 gives 

 

S/V = (1 - w) 0.63/nm.       (3.5) 

 

This is shown as a thin line in Figure 3.1. It should be pointed out that both polymer ribbon 

and wide-layer models have failed to reproduce the experimental scattering data at the 

hydration levels relevant for fuel-cell membranes. 
3
 

 

S/V in the polymer bundle model with cylindrical bundles. In a polymer bundle model 

with N bundles of radius R, length L, and polymer volume p = NR
2
L/Vtot, the surface-to-

volume ratio is  

 

  S/V = N 2RL/Vtot = p 2/R =  (1-w) 1.1/nm  (3.6) 

 



 

 

37 

with the radius R = 1.8 nm of a polymer bundle based on form-factor (rather than S/V) 

analysis in ref. 
11

. This is shown by a dotted line in Figure 3.1, which lies generally above the 

experimental data points. The discrepancy will be reduced by contacts between bundles, 

which will reduce the surface area, but if many such contacts occur, the identity of the 

bundles will be compromised, and the model ceases to be a bundle model. 

 

Low- regime. At low hydration values, the limited surface area of the available water 

molecules represents an important additional constraint on the S/V ratio and the possible 

structures. Each water molecule has a surface area H2O; the maximum water-polymer 

surface-to-volume ratio is the surface area of  water molecules per sidegroup, divided by the 

volume per sidegroup, 0.87 nm
3
: 

5
 

 

 S/V ≤  H2O/0.87 nm
3
 ≈ 29 W H2O/0.87 nm

3
   (3.7) 

 

Here, we have used relations between w, relative volume change V, and relative mass 

changes m, respectively: 
10

 

 

   w = 1 - 1/(1+V) ≈ V          (3.8) 

 

and    V = 





dry

H 2O

m = 





dry

H 2O

 18/1100  = 0.034     

 

This shows that in this regime S/V increases with W, approximately linearly, while the 

extrapolation of the experimental data from large hydration levels 
5
 and the polymer bundle 

model incorrectly predict a decrease in S/V with increasing W.  

The relevant surface area H2O of a water molecule can be estimated from its effective 

diameter of ~0.3 nm (values between 0.28 – 0.32 nm have been reported
12

 ) in various ways. 

In a spherical approximation, the total surface area is H2O = 4  (0.3 nm/2)
2
 = 0.28 nm

2
, but 

not all parts of the molecule can interact with a convex or planar surface as in the polymer 

bundle or ribbon models. Then, a cylinder with two circular surfaces of total area of H2O = 2 

 (0.3 nm/2)
2
 = 0.14 nm

2
 is a better approximation. It might still be an overestimate because 

often a double layer of water molecules would be more favorable; then H2O =  (0.3 nm/2)
2
 

= 0.07 nm
2
.  With a surface area of the sulfonate group of SO3 = 0.6  nm

2
 and using, 
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conservatively, H2O ≤ 0.2 nm
2
, we must conclude that for  ≤ 3 water molecules per 

sulfonate group, the interfacial area cannot reach the full water coverage required for the 

polymer bundle model. On the other hand, the concave surface of a narrow water channel is 

quite suitable for enhancing contact between the water molecules and the sulfonate groups in 

this low-hydration regime. In summary, this analysis shows that the extrapolation of the 

experimental data from high hydration levels 
5
 and the corresponding predictions of the 

polymer bundle model cannot be correct at low hydration levels. 

 

S/V for smooth cylindrical channels. We have shown quantitative evidence that in the 

hydration regime relevant for fuel cells, around  = 7, locally parallel water channels exist in 

Nafion. 
3
 In a simple water-channel model with N smooth circular-cylindrical channels of 

diameter d and length L, the water volume fraction and surface-to-volume ratio are given by 

 

 w = N(d/2)
2
L/Vtot       (3.10) 

 S/V = N dL/Vtot = 4/(d/w) = w 4/d    (3.11) 

 

The channel diameter d increases with water volume fraction according to w = Vw/(V0+Vw), 

where V0 and VW are the volumes of dry polymer and of water, respectively. Assuming a 

fixed number N of clusters, we have again Vw = N(d/2)
2
L, and with Vw  =  w/(1-w) V0 we 

obtain  

 

 d = 2 (V0 w/(1-w))
1/2

 1/(NL)
1/2

     (3.12) 

 

and thus 

 

 S/V = w(1-w))
1/2

 2(NL/V0)
1/2

     (3.13) 

 

With V0 = N L 0.87 a0
2
, where a0 is the “long period” of the unswollen structure 

approximated as hexagonally packed, see Figure 3.2a, this simplifies to 

 

 S/V = w(1-w))
1/2

 1/a0 2(/0.87)
1/2

 V = w(1-w))
1/2

 3.8/a0 (3.14) 

 

With a0 = 3.5 nm, we obtain 
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 S/V w(1-w))
1/2

 1.1/nm      (3.15) 

 

which was confirmed by comparison with S/V extracted from the simulations of ref.3. This 

function is very steep for small w, but flattens out quickly, see the left-hand side of Figure 

3.1.  

In order to modify the simple relation between S/V and w, we could invoke a large 

change in the number N of water channels per given volume of polymer. However, on a 

molecular level, there is no rationale for such a major structural reorganization. The high 

speed of water uptake 
13

 also speaks in favor of limited changes in the polymer structure with 

hydration.  

 

 
 

Figure 3.1. Plot of the surface-to-volume ratio of Nafion 1100. Experimental data points 

from references 1 and 2 are compared with curves for several models. From left to right:  The 

straight line with positive slope is obtained in the low- regime; the dashed and continuous 

rising curves are calculated from the parallel-water-channel model with smooth water 

cylinders (dashed) and constructed on a square lattice with a distribution of channel 

diameters 
3
 or with molecular roughness of the interface (continuous); straight lines of 

negative slope are obtained from models featuring polymer bundles (dashed line) and 
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polymer ribbons (continuous line).  At the top of the figure, models featuring dispersed water 

molecules, parallel water channels, and polymer ribbons in water are shown schematically. 

The transitional model shown at the center, between channel and ribbon models, was not 

explicitly analyzed in this paper. 

 

S/V for water channel with molecularly resolved surface features. With channel 

diameters on the 2.5-nm scale, the assumption of perfectly smooth cylinders is clearly an 

unrealistic approximation. Molecular roughness of the interface must be taken into account 

on this scale. The van-der-Waals diameter of a sulfonate group or folded sidechain is on the 

order of 0.6 nm. At a given volume fraction, the smooth circular cylinder has the smallest 

S/V of all cylinders. Any shape distortion or surface corrugation will give a larger S/V value. 

The surface area of the cylindrical water channels on the cubic lattice from ref.3 

corresponds to the surface of square channels of sidelength d, whose area is bigger by 

4d/(d) = 4/ = 1.3 than that of smooth cylindrical channels, see Figure 3.2b. Similarly, in 

the channel for  = 7 sketched in Figure 3.2c with some molecular detail, the curved 

sidegroups have a ~1.4-times larger surface area than the corresponding smooth cylindrical 

channel. The curved continuous line in Figure 3.1 (labeled “molecular roughness”) 

corresponds to this situation. 

At the lowest hydration levels, the water-channel model becomes unrealistic when the 

channel radius shrinks below the dimension of a water molecule. Then, the low- regime 

discussed above, with isolated water molecules, is reached. 

 

Expansion of water channels. We should provide a plausible molecular-level description of 

how the diameter of a water channel can expand. As indicated in Figures 3.2c and 3.2d, each 

polymer molecule carries one sidebranch per 0.8 nm length projected onto the channel axis, 

on average. Thus, the sidebranches shown in Figures 3.2c and 3.2d are not all in the same 

plane, but distributed over a 0.8 nm length. At a hydration level of  = 7 water molecules 

surrounding each sidegroup, the hydration shells overlap strongly throughout the volume 

shown. At lower hydration levels of  ≈ 2, the channel can shrink by moving sidegroups “on 

top of each other” in the z-direction, see Figure 3.2d.  
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Discussion 

The experimental S/V data in Figure 3.1 are well matched by three of the models discussed 

in this paper. In particular, in the hydration range relevant in fuel cells, we find good 

agreement with the water-channel model 
3
, which also reproduces all details of the small-

angle scattering data.  At the lowest hydration levels, we have identified the available surface 

area of water molecules as the determining factor, while in the other extreme, for polymer in 

an excess of water, the ribbon model of Rubatat et al. 
14

 provides a good fit. All the models 

discussed are compatible with the significant stiffness (persistence length of 2 to 5 nm) of the 

Nafion backbone 
8
. 

This paper has focused on the comparison of experimental S/V ratios in Nafion with 

those of models that are supported by other structural analyses. A detailed analysis of free 

energies is beyond its scope. In addition, it is not clear that the ribbon structures at high 

hydration levels are actually energetically favorable. Nafion in excess liquid water does not 

disperse but remains a swollen solid with  = 22 
13

 for years. The data shown in Figure 3.1 in 

the high-hydration range were in fact obtained for samples hydrated at high temperature and 

pressure in a water-filled autoclave. 
11

 

It has been argued that an increase in S/V with hydration could not occur in Nafion 

because this would result in an increase of the interfacial energy of the system. However, our 

analysis has shown that at the lowest hydration level, the interfacial area must increase with 

water content since it is limited by the surface area of the water molecules. In other words, 

under these conditions the bundle and ribbon models cannot apply, since the available water 

molecules are insufficient to form a layer around each polymer bundle.   
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Figure 3.2. Representation of geometrical relations for surface-to-volume calculation in the 

parallel water-channel model of Nafion. (a) Relation between the (lateral) long period a0 for 

vanishing hydration and the area AP of polymer (dark shaded hexagon) per channel (central 

circle), which is AP = a0
2
 * 3

1/2
/2. (b) The circumference of a water channel cross section 

constructed of small squares is equal to that of the square that encloses it (dashed line) and 

thus larger than that of the smooth circular cross section (dotted line) that it approximates. An 

element square is counted as being inside the channel if its center is inside the dotted circle. 

(c,d)  Schematic representation of how the arrangement of ionic sidegroups (shown drop-

shaped) could change with hydration level in the water-channel model. Top: View along the 

axis of a 0.8-nm long section of water channels for (c)   = 7 and (d)  = 2. Water molecules 

of one sidegroup are shown as dark disks, those associated with two neighboring sidegroups 

as light disks. Sidegroups that are at different depths along the channel at low hydration ( = 

2) are shown with thick and thin outlines, respectively. Bottom:  Side views of 0.8-nm-long 

cross sections through the channel. 

 


