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CHAPTER 5  

HETEROGENEOUS WATER 

TRANSPORT IN PEM 

 
In this chapter, we show that water transport in Nafion

®
 PEMs is 

heterogeneous, with different water subspecies exhibiting distinct 

diffusivities with the more weakly-hydrogen-bonded nonbulk water 

subspecies exhibiting 4-fold faster apparent diffusivity. The overall 

water diffusivity in two separate Nafion
®
 membranes was shown to be 

accurately described by a linear combination of the bulk and nonbulk 

water diffusivities weighted by the corresponding fractional amount of 

each species in the respective membranes. The faster diffusivity in 

N117 (extruded Nafion
®

) compared to N212 (solution-cast Nafion
®

) 

can be rationalized by N117 containing a larger fraction of nonbulk 

water, which results from the nanoscale constitution in N117 from 

extrusion processing. Our results highlight the connection of the 

nanoscale channel architecture on the transport properties of Nafion
®
 

PEMs and provide a clear design target of maximizing the amount of 

nonbulk water to optimize transport properties of PEMs. 

The following results are being prepared for submission to 

Angewandte Chemie International Edition. 

 

5.1 Experimental 

5.1.1 Water diffusion in Nafion® membranes 

Total water diffusivity in Nafion
®
 membranes (N212 and N117) were 

measured by the H2O / D2O exchange experiments. The experimental 

details can be found in Chapter 3. The apparent diffusion coefficients 
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(ADC) of OH and OD were extracted by fit the quantitative time-

dependent total intensity of OH and OD peaks to the analytical 

solution of Fick‟s second law as described in section 3.4. We used N = 

6 terms of the infinite series of the analytical solution described in 

section 3.4.  

 

 

Figure 5.1 Statistical analysis of: A) ADC(OH) and ADC(OH) of 

respective membrane, N212 (black) and N117 (green); B) ADCs at 

different locations within respective membrane of N212 and N117. 

Black squares and green squares show statistically identical (p<0.05, 

ANOVA with Tueky‟s), whereas open squares show statistically 

significant different. The subscripts of in and out denote diffusants of 

OH/OD diffuses in or out of the membrane. In one typical exchange 

experiment, OH diffusing in a PEM is accompanied by OD diffusing 

out of the PEM. 

 

The ADC(OH) is statistically identical the ADC(OD) in each 

Nafion membrane (N212 and N117) (Figure 5.1A), and the value of 

the ADC in each membrane is independent of the measurement 

volume in them (Figure 5.1B). The ADC in N212 is significantly 

smaller than that in N117 (Figure 5.1B).  
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5.1.2 Mutual diffusion of water 

We measured the mutual diffusion of water using the experimental 

apparatus (Figure 5.2). A 4.2 mm thick plastic plate with a pinhole of 

1.0 in diameter was mounted in our home-made flow cell. Parafilm (~ 

0.15 mm thick) was used to seal the plate and glass coverslip 

preventing the water leakage between them.  

The pinhole was pre-filled with D2O using a syringe with 27G 

needle, and a D2O flow was initiated on top of the plastic plate using 

our microfluidic channel. The diffusion of water into the pinhole was 

initiated by switching the water flow in the channel from D2O to H2O. 

BCARS spectra were recorded at 128 ms time intervals from which 

the quantitative RL spectra were retrieved. The exchange of water 

flow took approximately 5 s (see section 3.3 and Figure 3.3), while it 

took ~ 100 min for completing the exchange at the measurement focal 

volume at the bottom of the pinhole. Since the pinhole was 

significantly thicker than the water flow (~ 0.3 mm thick), and we 

measured at position almost 4.2 mm away from the water flow, the 

disturbed flow profile at the pinhole inlet can be neglected. Thus, the 

H-D exchange of the measured volume can be treated as 1-D Fickian 

diffusion model with a reflective boundary condition. (see section 3.4) 

The apparent diffusion coefficient (ADC) of OH species ADC(OH) = 

(3.4 ± 0.2) × 10
-9

 m
2
/s (mean ± standard deviation, N = 3 independent 

measurements). Decomposing the OH band into bulkW and HOD, and 

calculating the ADC of bulkW gave ADC(bulkW) = (2.2 ± 0.4) × 10
-9

 

m
2
/s (mean ± standard deviation).  
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Figure 5.2 A) Diffusion apparatus for measuring water diffusion in 

D2O. The pinhole diameter was 1.0 mm and the thickness of plastic 

plate was 4.2 mm. Parafilm (approximately 0.150 mm) was used to 

seal the plastic plate and glass coverslip. The yellow dot shows the 

focal (measurement) point. B) Time-lapsed OH peak intensity of H2O 

diffusing into a D2O-filled pinhole. Red curve is the fit of the profile 

to 1-D Fickian diffusion model with an ADC(OH) = 3.3 × 10
-9 

m
2
/s. 

C) bulkW (dark blue) and HOD (light blue) profiles during water 

diffusion. The red line shows the 1-D Fickian diffusion model with an 

ADC(bulkW) = 2.3 × 10
-9

 m
2
/s. 

 

5.1.3 Decomposition of the time-lapsed RL spectra 

The spectral shape of nonbulkW in this chapter was deduced from M2 

as described in section 3.6.1 (Figure 3.7 orange). We deduced the 

HOD RL spectrum using the CCLS algorithm on spectra from a series 

of D2O/H2O mixtures (see section 3.6.2, Figure 3.8 and Figure 3.9). 

Using the deduced HOD lineshape with bulkW and a bulk D2O 

spectra to decompose the isotopic mixtures produced concentration 

profiles of H2O, D2O, and HOD nearly identical to those predicted by 

the established binomial mixing rule [87, 103] (Figure 3.10), verifying 

the accuracy of the HOD lineshape for bulk solutions. A fourth 

component, in addition to bulkW, nonbulkW, and HOD, was derived 

by CCLS. 
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Figure 5.3 Reference spectra of bulkW (blue), nonbulkW (orange), 

HOD (cyan) and component4 (green). The peak area of all spectra was 

normalized to 1. The bulkW, nonbulkW and HOD were known 

components in the global fit, and component4 was derived. 

 

    Five OH spectra were taken from the dynamic data of N212 at 

different time points and were used for the fit. The fit had three known 

components (bulkW, nonbulkW and HOD are shown in Figure 5.3 as 

blue, orange and cyan) and one unknown component (component4). 

Component4 and its fit weight were constrained to non-negative. The 

spectral shape of component4 deduced from the fit was shown in 

Figure 5.3 (green). Adding component4 to decompose OH spectra did 

not significantly improve the fit quality as shown by the very similar 

residual spectrum root mean square (RMS) and % error between the 

fitted and measured OH spectra for 3-component and 4-compent 

decomposition from a time-lapsed a N212 exchange experiment 

(Figure 5.4).  
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5.1.4 Other perfluorosulfonic acid (PFSA) 

membranes 

The water transport in other perfluorosulfonic acid (PFSA) 

membranes was measured via the H2O/D2O exchange experiment. The 

chemical structure and the macroscale properties of these membrane 

are shown in  

Table 5.1 

 

Figure 5.4 Error quantification from spectral decomposition of OH 

region RL spectra of H2O-D2O in N212 exchange using three 

components and four components. (Bottom) Red line shows OH 

intensity increase starting from ~ 4 s while black and green lines 

show integration of the absolute value of residual spectrum for the 

decomposition with three and four components, respectively. 

(Top) % error, defined as the ratio: (integration of the absolute 

value of the residual spectrum) / (sum of the OH peak), for each 

acquired spectrum. These quantifications show almost no 

improvement upon inclusion of a fourth component. 
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Table 5.1 Properties of other PFSA-based membranes 

Membranes Polymer EW 

(g mol
-

1
) 

Density 

(g cm
-3

) 

Water 

uptake in 

liquid at 

100 
o
C 

Aquivion
®
 

E87-05 (E87) 

[104]  

 

870 1.93 35 wt% 

Aquivion
®
 

E98-05S 

(E98) [105] 

980 1.93 25 wt% 

NE1035 

[106] 

The same as 

N212 and N117 

(Figure 1.2) 

1000 1.97 43 wt% 

 

As shown in  

Table 5.1, the Aquivion
®
 membranes – E87 and E98 – have shorter 

side chain compared to the Nafion
® 

membranes used in this work. The 

NE1035 is another type of Nafion
®
-based membrane that has more 

sulfonic acid groups than N212 and N117.  

In order to measure the H2O/D2O exchange in the membranes 

mentioned in  

Table 5.1 we cut these membranes into pieces (1 cm × 5 cm in 

size). All membranes were cleaned using the same method discussed 

in section 3.1 and the cleaned membranes were stored in MilliQ H2O 

before the H2O/D2O measurements.  
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5.2 H2O/D2O exchange in N212 and N117 

We measured in-situ, time-dependent water transport in Nafion
®

 

membranes using the microfluidic setup (Chapter 3) to initiate H2O- 

D2O exchange within an immobilized a PEM in our BCARS  

microscope, as in our previous work [86]. Figure 5.5 (top left) shows a 

schematic of the measurement wherein a Nafion
® 

membrane, in this 

case dispersion cast Nafion
®
 212 (N212, equivalent weight = 1100 g), 

was initially saturated by D2O, representing a D2O-equilibrated state. 

After switching a Y-valve to initiate exchange, BCARS spectra from 

the membrane were acquired at 100 ms intervals. Switching the 

microfluidic channel solution to H2O took ~ 5 s in our gravity-driven, 

laminar flow conditions (see section 3.3 and Figure 3.3), after which 

H2O diffused into the membrane and D2O in membrane diffused out.  

    BCARS spectra from the Nafion
®
 membrane during the exchange 

(Figure 5.5A) were processed into RL spectra (see section 2.3 and 

section 3.5 for experimental details) and used to quantify transport by 

plotting the OH and OD concentrations from the integrated amplitudes 

of the OH (2918 – 3810 cm
-1

) and OD (2182 – 2780 cm
-1

) stretching 

vibrations, respectively (Figure 5.5B). The time-dependent OH and 

OD concentrations show that the diffusion process in (N212) was 

complete within ~ 30 s of initially detecting the OH signal. Fitting the 

time-dependent OH and OD traces with an analytical solution to 

Fick‟s second law, similarly to our previous work [86] (see section 3.4 

and section 5.1.1), allowed us to quantify the transport by extracting 

an apparent diffusion coefficient (ADC) from the traces (Eq 3.6). 
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Figure 5.5 A) RL intensity of the OD stretching vibration decreases 

with time while the intensity of the OH stretching vibration increases 

during exchange. All RL spectra were normalized to the maximum 

value in the respective regions. B) OD (green) and OH (red) 

concentrations vs. time obtained by integrating the respective spectral 

regions; solid black lines are fits to the Fickian diffusion model 

described in section 3.3. Concentration profiles were normalized to 

their maximum value. D-E) Time-dependent spectra showing water 

subspecies contributions during H2O-D2O exchange in N212. All 

spectra are divided by the maximum of the OH band at t = 30 s (after 

exchange is complete) to show different temporal evolution. 

 

The ADC for the integrated OH amplitude (ADC(OH) = 3.75 ± 

0.10 × 10
-10 

m
2
/s (mean ± standard deviation)) was statistically 

identical to the ADC of the integrated OD amplitude (ADC(OD) =  
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3.89 ± 0.20 × 10
-10 

m
2
/s (mean ± standard deviation)) in N212 (Figure 

5.1) from N = 6 different membrane samples. These numbers are 

quantitatively consistent with our previous measurements using a 

slightly modified fitting protocol [86] and are consistent with other 

values reported for water diffusion in Nafion. [35, 39, 85, 107] 

Moreover, the reverse experiment – D2O diffusing in an H2O 

equilibrated membrane also shows statistically identical results 

(Figure 5.1), which confirms that OH and OD exchange 

simultaneously. Accordingly, both the OH and OD regions can be 

used to analyze the diffusivity of water in Nafion
®
; however, for 

simplicity, we focus on the OH region for experiments of H2O 

diffusing into a D2O-equilibrated membrane for the remainder of this 

work. Finally, we note that experiments from different depths and 

lateral positions within N212 (relative to the channel-membrane 

interface) showed that ADC(OH) was not depth-dependent (Figure 

5.1), as expected for a nanoporous membrane that is uniform over 

micrometer length scales (the size of our focal volume). 

5.3 Origin of the increasing OH signal 

In principle three distinct sources can contribute to the signal we 

observe: 1) H
+
 transport, 2) OH

-
 transport, and 3) H2O transport in the 

membrane wherein mass transport is a requirement in all cases. 

Because we detect the OH stretching vibration, we are unable to 

distinguish between these different transport species and their various 

mechanisms. Nevertheless, since mass transport is a requirement, and 

the [H
+
] and [OH

-
] are more than 10

9 
smaller than [H2O] for pH 7 

MilliQ water, we conclude that H2O transport is the likely dominant 

contribution we observe.  

    Proton transport and water transport in bulk water show a diffusion 

coefficient of ~ 4 - 8 × 10
-9

 m
2
/s [108] and ~ 2.3 x 10

-9
 m

2
/s, 

respectively, which is similar to the ADC(OH) = 3.4 ± 0.2 × 10
-9

 m
2
/s  
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for H2O diffusing into a D2O-filled aperture measured in our 

experimental apparatus (Figure 5.2). All of these values are nearly 10-

fold faster than the ADC(OH) in either of the two Nafion
®
 membranes 

measured here (~ 4 × 10
-10

 m
2
/s), which is consistent with the ADC of 

water in Nafion
®

 determined by other methods [34, 39, 85, 109, 110]. 

The 10-fold discrepancy between water diffusivity in Nafion versus 

water (or proton) diffusivity in water can be explained by the physical 

barriers in the material: the tortuosity (or connectivity) and 

constrictions of ionic channels within the Teflon polymer matrix that 

certainly slow down transport [111].  

Beyond quantifying the kinetics of OH appearance by integrating 

the OH-stretch region, time-lapsed BCARS spectroscopy allowed us 

to analyze the shape of the OH-stretch resonance during exchange. 

Previous work has revealed at least two distinct subspecies of water in 

Nafion
®
 membranes: bulk water (bulkW) and nonbulk water 

(nonbulkW), each with a distinct spectral shape in the OH-stretch 

region [34, 86]. Therefore, analyzing the shape of the OH-stretch 

region during exchange can reveal how different water subspecies 

transit the membrane. 
 

5.4 Diffusivity of water subspecies in 

N212 and N117 

We used spectral decomposition of the OH-stretch region to analyse 

water subspecies transport during the H2O-D2O exchange. BulkW is 

represented by the RL response of MilliQ water, and the nonbulkW 

spectrum was deduced by analysing many RL spectra of N212 in 

different hydration states (Figure 3.7) with the CCLS global fitting 

algorithm (see section 3.6.1 for fitting details). In addition to bulkW 

and nonbulkW subspecies, exchange of D2O for H2O will necessarily 

result in an intermediate HOD species that also contributes to the OH- 
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stretch vibration. [87, 103, 112] Therefore, for analyzing the shape of  

the time-dependent RL spectra, a spectral component for HOD is also 

required. The HOD spectral shape was deduced from a series of 

D2O/H2O mixture using CCLS as described in section 3.6.2. In 

principle, one would expect a bulk and nonbulk HOD subspecies for 

Nafion
®
, and therefore, we checked whether the binomial mixing held 

for H2O, D2O, and HOD in N212 equilibrated in different H2O/D2O 

mixtures using the deduced HOD lineshape. Good agreement was 

observed between the decomposition concentrations and those 

predicted by the binomial mixing rule using bulkW, nonbulkW, and 

HOD lineshapes (Figure 5.6). These results show that the OH-stretch 

mode in Nafion
®

 during H2O-D2O exchange can be described in a 

consistent manner using these three lineshapes: bulkW, nonbulkW, 

and HOD.  

    Having established spectral shapes for the primary water subspecies 

contributing to the OH-stretch in the membrane, time-dependent RL 

spectra of H2O-D2O exchange in N212 were decomposed using non-

negative least squares according to: 

                                                 

   

where       is the experimental RL spectrum,    is the concentration 

of subspecies X,    is the subspecies X RL spectrum, and E is the 

error between experimental and calculated spectrum (see section 

2.4.2). The time-dependent spectral contributions to the overall RL 

spectra OH-region from N212 during the H2O-D2O exchange are 

shown in Figure 5.5C-E. Interestingly, the HOD and nonbulkW 

components reach their maximum value much earlier (at t = 7.4 s) 

compared to bulkW. 
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Figure 5.6 A) RL spectra used for OH region decomposition: bulkW 

(blue) and nonbulkW (orange); OH spectrum of HOD (cyan). Peak 

areas of these spectra were normalized to 1. B) Contribution of OH 

from H2O (black) and that from HOD (blue) to the overall OH 

intensity in N212 equilibrated in different H2O-D2O mixtures. 

Dashed lines (with same color) show predicted contributions 

calculated from binomial mixing based on the geometric mean. 

Note H2O contribution is the sum of bulkW and nonbulkW 

contributions. 

 

    Figure 5.7A shows the C values for each subspecies in N212 from 

all RL spectra in a representative exchange experiment. The residuals 

from these decompositions (Figure 5.7A insets, grey curves) are less 

than 5% of the total spectral amplitude, and adding a fourth 

component to the decomposition did not improve the fit (Figure 5.4). 

Figure 5.9A confirms the observation that nonbulkW (orange) appears 

more quickly than bulkW (dark blue) in N212. The concentration of 

HOD (light blue) at first increases with the appearance of nonbulkW 

and decreases to zero upon complete exchange, as expected, since it is 

a transient species that should disappear as the membrane completely 

fills with H2O. The transport behavior of water was observed in three 

individual experiments within one N212 membrane and across N = 6 

different N212 membrane samples.  
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    Prior to analysing the concentration profiles of the subspecies with 

the diffusion model, we performed a control experiment to verify that 

the isotopic scrambling reaction H2O + D2O   2HOD was fast 

relative to our millisecond measurement timescale. With the same 

microfluidic setup, we measured H2O diffusion into a 4.2 mm deep × 

1 mm wide D2O-filled aperture (Figure 5.2), decomposed the time-

dependent spectra into HOD and bulkW, and calculated the 

ADC(bulkW) from the 1-D Fickian model (Eq 3.6). Should isotopic 

exchange strongly influence the bulkW signal we detect, one would 

expect the ADC diffusion-only (as opposed to reaction-diffusion) 

analysis to strongly disagree with the mutual diffusion coefficient of 

water. We found an ADC(bulkW) ~ 2.2 ± 0.4 × 10
-9

 m
2
/s (N = 3 

independent experiments) from this experiment, which is very close to 

the well-accepted H2O mutual diffusion constant (     ~ 2.3 × 10
-9

 

m
2
/s) reported in numerous experimental and theoretical studies [113, 

114]. This close agreement demonstrates that a diffusion-only analysis 

sufficiently captures the H2O / D2O transport phenomena in the 

exchange experiments. Thus, the 1-D Fickian diffusion model was 

used to calculate the ADC of bulkW and nonbulkW from the time-

dependent concentration profiles. We found that ADC(bulkW) = 10.1 

± 0.9 × 10
-10

 m
2
/s and ADC(nonbulkW) = 2.5 ± 0.3 × 10

-10
 m

2
/s 

(mean ± standard deviation), respectively, from N = 6 independent 

membrane samples (Figure 5.7B, solid bars and Figure 5.8).  
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Figure 5.7 A) Decomposed concentration profiles of bulkW (blue), 

nonbulkW (orange) and HOD (cyan); the total normalized OH signal 

is shown in black. Red lines show fits to 1-D Fickian model for bulkW 

and nonbulkW. (Bottom) RL spectra (black) and calculated spectrum 

(red) at times indicated by gray vertical lines. RL spectra of subspecies 

of bulkW (blue), nonbulkW (orange) and HOD (blue) as well as 

residuals (gray) are shown on the spectral plots. B) ADC of bulkW 

and nonbulkW computed from diffusion fitting for N212 (solid bars) 

and for N117 (lined bars). ADC(bulkW) and ADC(nonbulkW) in the 

two PEMs were statistically identical. Error bars are standard 

deviations of the ADCs from three measurements in each of N = 6 

independent membrane pieces for each PEM. 
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Figure 5.8 Statistical analysis of ADC(bulkW) and ADC(nonbulkW) 

of N212 (black) and N117 (green). Black squares indicate statistically 

identical (p<0.05, ANOVA with Tueky‟s), whereas white squares 

indicate statistically significant different.  

 

    Interestingly, at the early stages of the H2O-D2O exchange (Figure 

5.7A), we observed that the [bulkW] / [nonbulkW] ratio was 

substantially smaller compared to the infinite-time (equilibrium) 

situation at t > 20 s. Such a long-lived non-equilibrium points to 

physical separation of nonbulkW and bulkW: if the two types of water 

coexist within the same nano channel, one would expect exchange 

dynamics between these populations on at least a ~ 100 picosecond 

time scale [64]. This would lead to instantaneous equilibration on our 

measurement timescale and effectively indistinguishable ADC for 

both bulkW and nonbulkW – which is not the case (Figure 5.7B). 

Based on previous work in Chapter 2 showing that N117, which has 

smaller ionic clusters (on average), has more nonbulkW [86], and 

given the broad distribution of ionic cluster sizes seen in scattering 

traces [12, 13], we hypothesize that smaller channels contain mainly 

nonbulkW while larger channels have mainly bulkW (Figure 5.9). If 

these channels are physically separated and only meet at intersecting 

points, this would support the long-lived non-equilibrium ratio of 

[bulkW] / [nonbulkW] observed in both N212 (Figure 5.7A) and N117 

(Figure 5.10). Further support for physical separation of bulkW and  
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nonbulkW is provided by the accurate calculation of the ADC(OH) by 

ADC(OH)‟ – a weighted linear combination of ADC(nonbulkW) and 

ADC(bulkW) by the amount of each subspecies in each membrane, 

which indicates that the subspecies transit the membrane as separate 

species. 

 

 

Figure 5.9 The average and full width half maximum of the 

distribution is from reference 4. Channel schematics (bottom) show 

the structure and binding of water in larger and smaller Nafion
®
 ionic 

water channels. BulkW (blue) is the primary species in in larger 

channels while smaller channels contain mainly nonbulkW (orange). 

BulkW maintains interactions characteristic of bulk water, and 

nonbulkW forms less coordinated water network confined by the 

polymer (gray and black) in the smaller channels. 

 

The finding that nonbulkW exhibits 4-fold faster transport than bulkW is 

qualitatively similar to other measurements (even in Nafion
®
 membranes) 

showing that „slippery‟ water has faster diffusivity than bulk water. [115, 

116] Closer inspection of the spectral shape of nonbulkW in Nafion
®
 

shows that it exhibits „slippery‟ features; it is clearly less strongly hydrogen 

bonded (and/or less coupled) to other water molecules compared to bulkW  
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because the peak is strongly blue-shifted and narrower relative to that of 

bulkW (Figure 5.3 orange for nonbulkW and blue for bulkW) [93, 117]. 

Under the assumption that smaller channels contain nonbulkW, we 

hypothesize that the faster ADC of nonbulkW arises from a similar 

mechanism to that proposed for enhanced water transport in highly 

confined water geometries. The proposed mechanism for enhanced water 

transport properties in confinement is via 1-D water wires that exhibit 

lower barriers to hydrogen bond breaking and water rotation due to water 

molecules in the network having less hydrogen bonds [118] Indeed, super-

diffusive water transport has been experimentally shown in carbon 

nanotubes (CNTs), which possess sub-nm diameters.[119] The diameter of 

narrow water channels (~ 1 nm) in Nafion
®
 meets the criterion for 

confinement on this scale, and the shape of the nonbulkW spectrum shows 

that it is undercoordinated. Thus it is plausible that water confinement in 

smaller Nafion
®
 channels – making it nonbulkW – may result in the 

strongly enhanced transport characteristics on nonbulkW. Further 

experiments along these lines is need to test this hypothesis. 

 

 

Figure 5.10 Decomposed concentration profiles of bulkW(blue), non-

bulkW(orange) and HOD(cyan) for N117. Black lines show fits to 1D 

Fickian model for bulkW and nonbulkW. 
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5.5 The total water diffusivity is 

determined by the water subspecies  

We have proposed in Chapter 4 that a weighted linear sum of the 

ADCs for bulk and nonbulkW could potentially reproduce the 

measured ADC(OH) values in N117 and N212 [86]. From the 

fractional concentration of each subspecies at long times after 

exchange (equilibrium), we observed that the amount of nonbulkW is 

67% greater in N117 compared to N212 while the amount of bulkW 

was reduced by 15% compared to N212 – consistent with what we 

observed previously from static H2O-saturated spectra [86]. Indeed, a 

weighted sum of the ADC(bulkW) and ADC(nonbulkW) by the 

equilibrium concentration of each subspecies:     OH    bulkW  

    bulkW   nonbulkW      nonbulk  almost perfectly 

reproduces the total measured ADC(OH) in N212 and N117. As the 

ADCs of the corresponding subspecies in the N212 and N117 are the 

same (Figure 5.7B), this shows that the faster overall OH diffusivity in 

N117 can be ascribed to a larger proportion of nonbulkW subspecies.  

We measured the H2O/D2O exchange in other PFSA membranes, 

and decomposed the time-lapsed OH peak of the results from which 

we extracted the ADC of the water subspecies in these membranes. 

The overall water diffusivity of the PFSA membranes was also 

extracted from the overall intensity of the OH peak. We found that the 

weights sum of the ADC(bulkW) and ADC(nonbulkW) by the 

equilibrium concentration of each water subspecies also reproduced 

the total measured ADC(OH) in these membranes. (Figure 5.11A). 
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N1035 (EW of 1000 g mol
-1

), which was made from the same 

Teflon backbones and sidechain structure as the N212 and N117 were 

with an increased amount of the side chains (as the EW in N1035 is 

1000 g mol
-1

), exhibits an accelerated overall water diffusivity which 

is about 1.8-fold faster than N212. As the fractional contribution of 

each water subspecies in N1035 is statistically identical to that of the 

respective subspecies in N212 (Figure 5.12). The substantially faster 

overall water diffusivity in N1035 results from the accelerated 

diffusivities of the bulkW and nonbulkW in N1035 (Figure 5.13A).  

 

 

 

 

 

 

Figure 5.11 A) The total ADCs of different PFSA membranes: 

measured values (red bars) and calculated values (gray bars) as a 

linear combination of ADC(bulkW) and ADC(nonbulkW) weighted 

by their fractional concentration in the membrane under H2O-saturated 

conditions. B) Statistical analysis of total ADCs in different PFSA 

membranes: black squares denote that the compared ADCs are 

statistically identical (p<0.05, ANOVA with Tukey‟s), whereas open 

squares are statistically different. 
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5.6 Heterogeneous water transport in 

different PSFA membranes 

The different diffusivity of each water subspecies between N1035 and 

N212 (Figure 5.13) raised a question: why can the water subspecies 

exhibit different diffusive property? Since we used the same spectral 

lineshape of the subspecies to decompose the OH peak from different 

PFSA membrane, we (naively) expected the intrinsic diffusivity of the 

respectively subspecies to be the same in various PFSA membranes.  

One factor known to affect transport in different Nafion
®
 

membranes in distinct ways is the tortuosity and connectivity of the 

water channels in the membrane, which is purely a physical barrier to 

the water diffusion. Indeed, the tortuosity was shown to be reduced by 

the decreased EW in N1035. Benziger and coworkers reported that 

N1035 takes up more water and exhibits a larger volume of the 

hydrophilic domains than N212. [41] The fractional contribution of 

the nonbulkW in N1035, which is determined by the surface density of  

 

Figure 5.12 Statistical analysis of the fractional contribution of each 

water subspecies in different PFSA membranes: A) bulkW; B) 

nonbulkW. The blue and orange squares denote that the compared 

fractional contribution are statistically identical (p<0.05, ANOVA 

with Tukey‟s), whereas open squares are statistically different. 
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sulfonic acid groups at the hydrophilic domains (or water channels), is 

statistically identical to that in N212, which is supported by analysis 

of the ratiometric quantities in the RL spectra from the polymer 

regions. Specifically, the I(SO3
-
)/I(CF2) are nearly identical in the two 

membranes. Combining our results with the results from Benziger and 

coworkers, we speculate that additional total water volume fraction in 

N1035 which reduces the tortuosity of the membrane significantly 

increases the diffusivity of water subspecies in N1035. 

 

 

Turning our attention to the Aquivion
®
 (previously known as 

Hylion), we observe the following: 1) the ADC(nonbulkW) > 

ADC(bulkW), 2) both subspecies diffusivities and the total ADC(OH) 

are the same regardless of the EW (870 g mol
-1

 and 980 g mol
-1

) and 

3) the ADC for both subspecies decreased ~ 2-fold compared to 

N1035 (Figure 5.13). Again assuming the respective subspecies  

 

 

Figure 5.13 A) The ADC of the bulkW and nonbulkW in different 

PFSA membranes. B) Statistical analysis of the ADCs of each water 

subspecies in different PFSA membranes: the blue and orange squares 

denote that the compared ADCs are statistically identical (p<0.05, 

ANOVA with Tukey‟s), whereas open squares are statistically 

different. 
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exhibit the same intrinsic diffusivity in different membranes based on 

that we used the same spectral lineshape of each subspecies to 

decompose the OH peak in Aquivion
®

 membranes. The fact that the 

ADC(nonbulkW) is greater than the ADC(bulkW) (by 1.7-fold), 

suggests that the nonbulkW has intrinsically faster diffusivity in PFSA 

channels. Now, thinking about how the ADC for each subspecies 

compares to N1035, the fact that both decrease by nearly 2-fold 

suggests that the physical barriers to diffusion – the tortuosity in the 

Aquivion
®
 membranes is much larger compared to N1035. Small 

angle X-ray scattering of Aquivion
®

 E87-12S (E87-12S) shows 

broader features compared to that of N115 of which the SAXS was 

measured under the same condition, indicating a less-ordered phase-

separated structure. Moreover, the average diameter of the water 

channels in E87-12S is smaller than that in Nafion
®
 115 membrane 

(N115) [120] as well as the diameter reported in other Nafion
®
 

membranes. [24, 121] The less-ordered structure of the Aquivion
®

 

membranes may result in a larger tortuosity in the membranes 

decreasing the diffusivity of the water subspecies.  

A reasonable question at this point is why does EW seem to 

strongly affect Nafion
®
 membranes but not Aquivion

®
 membranes? 

Based on the ADC of the two subspecies being identical in both 

Aquivions
®
, apparently the tortuosity in both membranes is similar. 

Thus, the short side chain in Aquivion
®
 strongly determines the 

membrane physical structure where the EW regulates the amount of 

total water uptake and the fractional contribution of each water 

subspecies. In Nafion
®
, with a longer side chain, the EW appears to 

influence not just the amount of water (and the subspecies 

concentration) but can also physically affect the pore tortuosity. 

Last but not least, the contrast between ADC(nonbulkW) and 

ADC(bulkW)  
              

          
  in Aquivion

®
 membranes is 1.7 which  
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is smaller than that in N1035 (
             

          
    ). The shorter side 

chains in Aquivion
®
 membranes has been shown to exhibit slightly 

different structure causing a shorter distance between the water 

molecules compared to the N1035. [122] This could potentially induce 

a decrease in the diffusivity of the nonbulkW since they are believed 

to interact more strongly with the polymer side chains. Following this 

argument, the intrinsic diffusivity of the bulkW would be less affected 

because the bulkW do not directly interact with polymer side chains. 

In addition, simulation work has reported that the short side chains in 

PFSA membranes induces a worse connectivity in the small water 

channels which contain a small amount of water. [122, 123] Combined 

with our hypothesis that small channels contain mainly nonbulkW and 

larger channels contain mainly bulkW, the diffusivity of the 

nonbulkW is again disproportionally decreased by the decreased 

connectivity of the small channel network. Thus the decreased contrast 

between the nonbulkW and bulkW ADC in Aquivion
®
 can be traced 

to a stronger effect of the change in the side chain length on 

nonbulkW diffusivity.

5.7 Conclusions 

In this work, we quantified water and water subspecies diffusivity by 

the change of the OH-stretching vibration in time-lapsed BCARS 

vibrational spectra during H2O-D2O exchange. This is conceptually 

similar to previous work measuring water permeability in, e.g. 

biological cells using CARS microscopy with the added ability to 

spectrally analyse the OH signal. [124] Compared to our previous 

study [86], the current study experimentally confirms our prediction 

that different subspecies of water exhibit different transport rates. The 

diffusivity of nonbulkW is observed to be larger than that of bulkW in 

various PFSA membranes. In two PEMs – N212 and N117 – with 
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identical chemical composition but different nanostructures, the 

subspecies diffusivities are identical and the nonbulkW diffuses about 

4-fold faster than the bulkW. Increasing the total amount of sulfonic 

acid groups in the Nafion
®
-base membranes accelerate the diffusivity 

of each water subspecies. The diffusivity of nonbulkW in Aquivion
®
 

membranes is greatly suppressed because of the shortened side chain 

in these membranes.  

     The total water diffusivity for five different PFSA membranes can 

be quantitatively represented by a linear combination of the bulk-like 

and nonbulk-like diffusivities weighted by their fractional amount. We 

have shown that one efficient way to modulate overall water transport 

in a Nafion
®

 membrane is modulating the chemical constitution of 

water in the membrane, i.e. producing a membrane with a certain EW, 

an increased contribution of nonbulkW is preferred to accelerate the 

total water transport in the Nafion
®
 membrane.  

 


