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Abstract

We study the dielectric properties of proton and sodium terminated Nafion at varying de-

grees of hydration with a frequency-domain coaxial-line reflectometric method (1.5 – 20 GHz)

and with time-domain THz-pulse spectroscopy (0.7 – 1.5 THz). The water content is varied

from 1 to 12 water molecules per Nafion polymer unit. At low hydration levels, we observe

that the orientational mobility of the water molecules embedded in the Nafion membrane chan-

nels is strongly slowed down in comparison to bulk water. Only at the highest hydration level

the rotational mobility of the water molecules becomes similar to that of bulk water. We also

observe that the mobilities of protons and sodium ions strongly depend on the degree of hydra-

tion of the Nafion membranes and that the mobility of the proton is more strongly decreased

than that of sodium upon lowering the hydration level.
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Introduction

Proton transport in aqueous media is anomalously fast compared to that of other ions1. This

anomaly is a consequence of the fact that protons are transported by structural diffusion, also

known as the Grotthuss mechanism, whereas most other ions are transported by mass diffusion.

In 1995, Noam Agmon proposed a mechanistic model of proton transfer in bulk liquid water that

involves a sequence of Eigen-Zundel-Eigen transitions, triggered by hydrogen bond cleavage in the

proton’s second hydration shell2. This mechanism is based on the interconversion of a hydrogen

bond and a covalent bond, allowing a proton to shuttle from an initial Eigen complex (H9O4
+) via

an intermediate Zundel complex (H5O2
+) to another Eigen complex located at another position

in the liquid3,4. The interconversion of hydration structures is accompanied by the flow of an

electron in the opposite direction. Proton transfer in water therefore primarily involves transferring

the charge of the proton, not its mass. In this process, water reorientation is thought to be the
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rate limiting process. Measuring the reorientation time of the water molecules therefore can give

information on the mobility of protons.

Protons dissolved in water are often found in a confined state: in lipid bilayers5, membrane pro-

teins6, ion channels6, and/or in the vicinity of other ions. The transfer of protons in nanoporous

aqueous media also plays a crucial role in the generation and storage of energy in biological sys-

tems and in industrial electrochemical systems, such as the proton exchange membrane (PEM) fuel

cells. In this article we study the behavior of protons in the nano-channels of Nafion membranes,

which constitute the most widely used proton exchange membranes in PEM fuel cells.

Nafion is a sulfonated tetrafluoroethelyne (Teflon)-based fluoropolymer (Figure 1A). Its hy-

drophobic Teflon backbone (the red part) provides mechanical strength to the Nafion membrane,

while its hydrophilic sulfonated perfluorovinyl ether side chains (the blue part) allow for the for-

mation of nano-scale hydrophilic domains7–10 (Figure 1B).

A

B

Figure 1: (A) Chemical structure of Nafion and (B) a schematic representation of hydrophilic do-
mains in Nafion. Blue features indicate hydrophilic parts of the Nafion polymer units, red features
indicate hydrophobic parts.

The selective hydration of the side-chains11, the dependence of the conductivity on the hy-
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dration level12, the proton dissociation mechanism of the Nafion side chains13, and many other

features of Nafion have been studied extensively. The proton conductivity of Nafion has been

successfully modeled as an interplay of Grotthuss conduction, mass transport, and surface conduc-

tivity14.

Here we experimentally explore the properties of Nafion membranes containing protons or

sodium ions using GHz-THz dielectric relaxation spectroscopy. This technique allows us to di-

rectly probe the dielectric relaxation of the dipoles of water molecules. The strength and the

frequency dependence of this relaxation give information on the number of rotational mobile wa-

ter molecules and the extent of their rotational mobility. Using this technique, we can also extract

the conductivity of sodium terminated and protonated Nafion membranes at different degrees of

hydration.

Experiment

We measure dielectric spectra, ε̂(ω), at GHz-THz frequencies. The real part represents the in-

phase polarization of the sample and the imaginary part the loss (dissipation) in the sample. The

total permittivity is given by:

ε̂(ω) = ε
′(ω)− iε ′′(ω) (1)

At GHz frequencies the response of neat water at room temperature is dominated by a loss

peak in ε ′′(ω) at 20 GHz and a corresponding dispersion in ε ′(ω). This response is due to the

rotation of the dipolar water molecules. Additionally, an Ohmic loss term, i σ

ωε0
, is measured for

conductive samples with conductivity σ (ε0 is the vacuum permittivity). Therefore, measuring the

complex permittivity gives us information on both the rotational mobility of water molecules and

the conductivity of protons and sodium ions in the Nafion membranes.

To reliably extract the orientational relaxation of water, frequencies ranging from the GHz

to the THz range have to be studied. This broad frequency range cannot be covered in a single
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experiment. In the GHz range we use a frequency-domain coaxial-line reflectometric method to

cover a frequency range of 1.5–20 GHz. In the range of 0.7–1.5 THz we measure the sample’s

complex permittivity by means of time-domain THz-pulse spectroscopy. A detailed description of

the experiment can be found in the Supporting Material.

Nafion Samples

The Nafion was purchased as 0.180 mm thick membranes in the proton-terminated form. For

the GHz measurements, the membranes were cut into circles with a diameter of 9.0 mm. After

removing all organic impurities by washing the samples in 3% H2O2 at 50◦C for 24 hours, half the

membranes were treated with 1 M HCl at 50◦C for 24 hours to ensure that the sulfonate end-groups

of all side chains of the Nafion were protonated. The other half of the membranes was treated

with 1 M NaOH at 50◦C for 24 hours to replace all protons at the sulfonate end-groups of the

side chains of the Nafion with sodium ions, i.e. to prepare the Nafion in the sodium terminated

form. After this treatment the Nafion membranes were rinsed with ultra-pure water and dried in

a vacuum chamber for 24 hours. The membranes were placed in desiccators containing P2O5,

saturated salt solutions or pure water to obtain a range of relative humidities (RH): P2O5 was

used for 5% RH, K2CO3 for 44% RH, NaCl for 75.4% RH, and pure water for 99% RH15. The

membranes were kept in desiccators for at least one week, for it has been shown that the water

uptake of Nafion can take several days16. The membranes were kept in the desiccators until they

were stacked in the measurement jacket and on the probe head (see Supporting Material). To

ensure the removal of air and excess water between the membranes, mechanical pressure was

applied during the measurements.

For the THz-measurements, the Nafion membranes were cut into ∼2 cm radius half-circles

that fitted into the cavities of the spacer of the sample holder. After cleaning, terminating with H+

or Na+ ions, and drying, they were kept in a desiccator with a home-built humidity controller for

5 hours at 5%, 50%, and 99% relative humidity. The membranes were transferred to the cuvette

just before the measurement, so that the humidity of the Nafion membranes was well defined during
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the measurement.

The water content of the Nafion samples was determined by weighing the GHz-samples af-

ter one week in the desiccators (msample,wet) and after drying for 24 hours in a vacuum chamber

(msample,dry). Using the molecular weight of the Nafion polymer units17, MNa f ion = 1100 g/mol,

and the molecular weight of water molecules, Mwater = 18.02 g/mol, the number of water molecules

per Nafion polymer unit is calculated, λtot . The mass of the Nafion is taken to be equal to the mass

of the dry sample, mNa f ion = msample,dry, and the mass of the water is taken to be the difference

in mass between the dry and the wet sample, i.e. mwater = msample,wet−msample,dry. The water

content, λtot is calculated as

λtot =
mwater

Mwater
·

MNa f ion

mNa f ion
. (2)

λtot is determined for all humidities for both sodium terminated Nafion and protonated Nafion.

The results are denoted in Table 1. The obtained water contents are in excellent agreement with

previous measurements16.

Results and Discussion

We have fitted the observed dielectric response of both the sodium and proton phase Nafion sam-

ples to various relaxation models. The very broad relaxation behavior observed in Figs. 2 and 3

makes the use of individual Debye relaxation modes unsuitable, unless a large number of closely

spaced modes would be invoked. Therefore we model the total response as a sum of a single

Cole-Cole relaxation mode and a conductivity term.

ε̂(ω) =
S1

1+(iωτ)(1−α)
− i

σ

ωε0
+ ε∞ (3)

Here, S1 gives the strength of the Cole-Cole mode, τ is the typical reorientation time of the wa-

ter dipoles, σ is the conductivity, and ε∞ is the permittivity that can be considered constant in the
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Figure 2: Permittivity of sodium terminated Nafion in the GHz and THz frequency range, as a
function of ν = ω

2π
. The measured permittivity is shown as open circles. The fit is shown as solid

lines. The conductivity term has been subtracted.
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Figure 3: Permittivity of protonated Nafion in the GHz and THz frequency range, as a function of
ν = ω

2π
. The measured permittivity is shown as open circles, the fit is shown as solid lines. The

conductivity term has been subtracted.
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frequency range of the orientational polarization, resulting from high frequency polarization con-

tributions (i.e. intra- and intermolecular vibrations, electronic, nuclear). The Cole-Cole parameter,

α , represents the width of the time-constant distribution. For α = 0, the Cole-Cole distribution

becomes identical to that of Debye relaxation in which all water molecules have the same reorien-

tation time, τ . For α = 1, all reorientation times are equally present, i.e. the complex permittivity

becomes ε̂(ω) = S1
2 − i σ

ωε0
+ ε∞.

The conductivity σ , which for aqueous electrolyte systems can be considered constant in the

frequency range here considered28, can be determined accurately from the low-frequency dielectric

response (since it goes as i σ

ωε0
); around 1 GHz the dielectic response of both sodium terminated and

protonated Nafion is dominated by Ohmic loss. To visually better resolve the contribution of the

water orientational response to the imaginary part we have subtracted the conductivity term from

the data shown for sodium terminated Nafion in Figure 2 and for protonated Nafion in Figure 3

– the corresponding raw data and decomposition into relaxation and conductivity contributions is

shown in the SI.

Figure 2 and Figure 3 show this fit of the Cole-Cole contribution to the sodium and proton phase

data: the fits are represented by the solid lines. In the fitting procedure, the measurement series of

the GHz-setup on the Nafion at 44% RH are combined with the measurement series of the THz-

setup on the 50% RH Nafion. The measurement series of the GHz-setup on the 75% RH Nafion

are combined with linearly interpolated values determined using the 50% RH and the 99% RH

measurement series of the THz-setup.

The values of the reorientation time, τ , extracted from the fitting procedure are given in Ta-

ble 1. At low water contents (at λtot = 0.5 for sodium terminated Nafion and λtot = 1 for protonated

Nafion) the time constants could not be sufficiently well determined (Not Determined, ND) because

the water signal is too weak. We observe that the reorientation time of the water molecules strongly

depends on the water content. At low values of λtot , up to 4.5 for sodium terminated Nafion and

up to 8.5 for protonated Nafion (at 44% and 75% RH), the reorientation time is tens of picosec-

onds, i.e. much larger than the Debye reorientation time of bulk liquid water at 300 K, τD, which
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is 8.32 ps18. At the highest water contents, at λtot = 9 for sodium terminated Nafion and λtot = 12

for protonated Nafion (at 99% RH), the reorientation time of the water molecules is roughly equal

to this Debye time. This shows that the water molecules are hindered in their rotational mobility

at low values of λtot . This result is in agreement with previous studies that also show a slow-down

of the water rotation in Nafion with decreasing λtot
19–21.

The reorientation of a water molecule in the bulk liquid proceeds via a transition state in which

rotating a OH-group forms a bifurcated hydrogen donor bond with two water molecules22. An

essential role in this rotation is played by the approach and drifting apart of the neighboring water

molecules. When the H2O concentration is low and a large fraction of the molecules are strongly

bound to the sulfonate groups, the evolution to and from the transition state will be slowed down

resulting in a much lower orientational mobility. At higher water contents the rotating OH-group

is surrounded by water molecules making the reorientation time constant similar to that of bulk

water. This behavior is found for both sodium terminated and protonated Nafion.

Table 1: Values of the fit parameters of the Cole-Cole model for sodium terminated and
protonated Nafion at a range of water contents (λtot) and Relative Humidities (RH). Some
values could not be determined (ND). For comparison the values for pure bulk water are
given.

λtot RH τ [ps] α σ [S/m]
Na H Na H Na H Na H

0.5 ± 0.5 1.0 ± 0.5 00% ND ND ND ND 0.00 ± 0.01 0.02 ± 0.01
1.0 ± 0.5 4.0 ± 0.5 44% 45 ± 5 40 ± 5 0.67 ± 0.08 0.53 ± 0.07 0.04 ± 0.03 0.84 ± 0.05
4.5 ± 0.5 8.5 ± 0.5 75% 21 ± 5 22 ± 4 0.56 ± 0.07 0.51 ± 0.05 0.26 ± 0.01 2.39 ± 0.09
9.0 ± 0.5 12.0 ± 0.5 99% 10.0 ± 0.9 7.3 ± 0.8 0.43 ± 0.03 0.34 ± 0.03 0.93 ± 0.02 5.5 ± 0.1

Bulk water 8.32 0 0

The values obtained for α from the fits are given in Table 1. We find that α decreases with

increasing water content, in both the sodium terminated and the protonated Nafion. This means

that the distribution of reorientation times becomes narrower at higher water contents, suggesting

that the environment of the water molecules becomes more homogeneous with increasing λtot .

Table 1 gives the values for the conductivity, σ , both for sodium terminated and protonated

Nafion. The latter are in good agreement with a previous study of Choi et al.14 It is seen that

the conductivity for protonated Nafion is much higher than for sodium terminated Nafion. In
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bulk water, the molar conductivity σM,H,BW of protons is 349.8 ·10−4 S-m2/mol, while the molar

conductivity of sodium ions, σM,Na,BW , is 50.1 ·10−4 S-m2/mol1. Under the assumption that all

ionic groups in the Nafion are dissociated at the highest hydration levels here achived (λtot = 9 for

sodium terminated Nafion and λtot = 12 for protonated Nafion – see further discussion concerning

ionic dissociation in connection to Eq. 6), the molar conductivity of the sodium ions and the

protons in the Nafion membranes is found to be only ∼10% of the molar conductivities in bulk

liquid water.

It is of interest to note that the conductivity of the protonated Nafion decreases more strongly

with decreasing λ than for the sodium phase Nafion. This suggests that the conduction mechanism

of the two cations in the Nafion are indeed distinctly different and that the effective mobility of the

proton relies on a more extended hydration structure (thus being more strongly perturbed when the

hydration level decreases), in line with the idea that protons are largely conducted via the Grotthuss

mechanism.

We derived the number of rotationally mobile water molecules per Nafion polymer unit, λCole−Cole,

from the amplitude of the Cole-Cole mode using the following equation23:

λCole−Cole =
S1

S1,water
·

cwaterMNa f ion

ρNa f ion
. (4)

Here, ρNa f ion is the density of Nafion8 (2.05 g/cm3) and cwater is the molar concentration

of water at 25◦C (55.33 · 10−3 mol/cm3). Previous studies showed that the density, ρNa f ion, is

approximately constant over the whole range of possible degrees of hydration8. The number of

rotationally mobile water molecules per Nafion sulfonate group as a function of the total water

content, as obtained directly from our dielectric relaxation measurements, is represented by the

blue lines in Figure 4.

Figure 4 shows that the number of rotationally mobile water molecules (i.e. those contribut-

ing to the dielectric relaxation), determined using the strength of the Cole-Cole mode, is smaller

than the total water content determined by weighing the samples (λtot). This difference suggests

that part of the water is not able to move freely and is therefore not contributing to the dielectric
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(Cole-Cole) water molecules per sulfonate group as a function of the total water content of the
Nafion for (A) sodium terminated Nafion and (B) protonated Nafion. The contributions of the
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response. Two phenomena can account for this: kinetic and static depolarization.

Kinetic depolarization arises since water molecules that are close to ions that are moved by

the EM wave are forced to reorient their dipoles in a direction opposite to this field, leading to a

depolarization contribution. The strength of this kinetic depolarization is given by24:

∆KDS1 =
2
3
·

S1,water

S1,water + ε∞,water
· τD

ε0
σ . (5)

Using Eq. (4) with S1 replaced by ∆KDS1, the green lines in Figure 4 are calculated, representing

λKD.

The second form of depolarization arises since cations can irrotationally bind water molecules,

with the result that these water molecules no longer relax with respect to the external electric

field18. This depolarization contribution is often denoted as static depolarization and is assumed to

account for the remaining part of the difference between the rotationally mobile water molecules

determined using the strength of the Cole-Cole mode and the total water content determined by

weighing the samples.

The number of water molecules that are irrotationally bound to cations depends on two pa-

rameters: the number of free cations in the medium and the number of water molecules that are

irrotationally bound per cation. In Nafion, the number of cations depends on the dissociation

constant of the Nafion, i.e. the percentage of protons or sodium ions that has detached from the

sulfonated side chain. Also the number of water molecules that are irrotationally bound per cation

may vary. In bulk water, a proton can irrotationally bind up to four water molecules23, as can a

sodium cation24–27.

The red lines in Figure 4 indicate the number of irrotationally bound water molecules (static

depolarized water molecules) per Nafion side chain, λSD. This number varies with the total water

content. At low values of λtot , the number of irrotationally bound water molecules per Nafion side

chain is lower than four. This is probably due to the fact that at these low water contents, not all ion

pairs (SO−3 and H+/Na+) are dissociated, which is in agreement with earlier research where the

deprotonation of Nafion has been investigated using quantum chemical modeling of the infrared
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spectra13 and molecular orbital calculations11. These studies have shown a deprotonation of the

perfluorosulfonic side-chains when λtot reaches a value of 3 to 4. This increase in dissociation

is also visible as a strong increase in the number of static depolarized water molecules in the

44 - 75% RH range (λtot = 1 to 4.5 for sodium terminated Nafion and λtot = 4 to 8.5 for protonated

Nafion).

At the highest values of λtot the number of static depolarized water molecules per Nafion

side chain is larger than 4. Even if all ion pairs have dissociated at this value of λtot , which is

the case according to previous research11,13, this means that the number of water molecules that

are irrotationally bound per cation is larger in Nafion than in bulk water. This might be due to

the existence of solvent separated ion pairs consisting of the anionic side chains and the cationic

protons or sodium ions. This interaction may lead to binding of additional water molecules that

show an extremely low orientational mobility.

Using the conductivity of the Nafion samples and assuming that all the ion pairs are dissociated

at 99% RH (λtot = 9 for sodium terminated Nafion and λtot = 12 for protonated Nafion), the molar

conductivity of the cations can be calculated. For sodium terminated Nafion this is done using:

σM,Na,Na f ion =
σNaMNa f ion

ρNa f ion
(6)

where σNa the measured conductivity of the sodium terminated Nafion. The same expression

can be used to calculate the molar conductivity of protons in the protonated Nafion.

We find values of the molar conductivity of protonated Nafion of 34 ± 3 ·10−4 S-m2/mol and

sodium terminated Nafion of 4.3 ± 0.5 ·10−4 S-m2/mol at 99% RH. Comparing these results with

the molar conductivity of protons (349.8 ·10−4 S-m2/mol) and sodium ions (50.10 ·10−4 S-m2/mol)

in bulk water it can be seen that the Nafion environment induces a drastic reduction of the molar

conductivity of the cations, resulting in values of only ∼10% of the molar conductivity of bulk

water.
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Conclusions

Hydrated proton and sodium phase Nafion has been investigated by measuring the complex per-

mittivity in the 1.5–20 GHz and 0.7–1.5 THz frequency range. For the GHz frequency range we

used an open probe coaxial reflectometric setup and for the THz frequency range we employed a

time-domain THz transmission setup. We measured permittivity curves of Nafion membranes with

a water content ranging from 1 to 12 water molecules per Nafion sulfonate group.

We fitted the measured permittivity curves with a Cole-Cole relaxation mode plus a conductiv-

ity term. At low water content (λtot = 1 for sodium terminated Nafion and λtot = 4 for protonated

Nafion) we find a value of the reorientation time, τ , of 45 ± 5 picoseconds for sodium terminated

Nafion and 40 ± 5 picoseconds for protonated Nafion. At the highest values of λtot (9 for sodium

terminated Nafion and 12 for protonated Nafion) we find 10.0 ± 0.9 ps and 7.3 ± 0.8 ps, respec-

tively. At the same water contents, the time distribution parameter α ranges from 0.67 ± 0.08 (Na

terminated Nafion) and 0.53 ± 0.07 (H terminated Nafion) to 0.43 ± 0.03 (Na) and 0.34 ± 0.03

(H), respectively. The conductivity at the lowest water contents is below the detection limit for both

types of Nafion and increases to 0.93 ± 0.02 S/m for sodium terminated Nafion and 5.5 ± 0.1 S/m

for protonated Nafion at the highest values of λtot .

The measured dielectric response only corresponds to part of the water molecules present in

the Nafion membranes. The other water molecules are primarily irrotationaly bound to the cations,

since kinetic depolarization is found to only account for a very small part of the missing water

response. At the highest values of λtot , the irrotationally bound water fraction exceeds 4 water

molecules per cation (the number of rotational immobilized water molecules per cation in bulk

water), which might be due to the formation of solvent separated ion pairs between the sulfonate

groups of the Nafion side chains and the cations.

Even at the highest water content (λtot = 9 for sodium terminated Nafion and λtot = 12 for

protonated Nafion), the molar conductivity of the sodium ions and the protons in the Nafion mem-

branes is found to be only ∼10% of the molar conductivities in bulk liquid water.

Finally, we have found that the conductivity of the protonated Nafion decreases more strongly
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upon a decrease of the hydration level than the conductivity of the Nafion containing sodium ions.

This is a consequence of that the structural diffusion of the hydrated proton requires a more ex-

tended hydration shell to be fully efficient whereas the mass transport of the sodium ion is less

sensitive to the extent of its hydration sphere.
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GHz Frequency Domain Reflectometer

To measure complex permittivity spectra at frequencies ranging from 1.5–20 GHz we use a fre-

quency domain reflectometer based on a Vector Network Analyser (VNA, ZVA67 Rohde & Schwarz

GmbH & Co KG, Germany). The VNA is connected to a home-built open-ended coaxial probe

(Figure 1) using two phase stable, 1.85 mm connector, 0.6 m long coaxial cables (ZV-Z96 Ro-

hde & Schwarz).

Figure 1: Schematic cross-section of the home-built probe head of the GHz-setup.

The VNA measures the effective scattering parameter, Ŝ11(ω), resulting from the reflection of

the signal on the probe head-sample interface. For our present setup the scattering parameters are

dominated by the impedance step at the coaxial cable - sample interface. For a single impedance

step the scattering parameter is related to the normalized (with respect to the 50 Ω impedance of

the coaxial cable) impedance, Ŷ (ω), by:1

Ŝ11(ω) =
1− Ŷ (ω)

1+ Ŷ (ω)
. (1)

The dimensions of the home-built probe head (Figure 1) are such that it is impedance matched

with the ZV-Z96 coaxial cable. A circular flange terminates the outer conductor. A glass bead is
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located in the flange at the end of the inner conductor to prevent liquid samples from entering the

coaxial cable. The contact area with the sample consists of a circular plane with a 9.1 mm diameter.

This suffices to ensure that the EM fields are, to a good approximation, zero at the boundaries,

ensuring that the assumption of an infinite half sphere holds.2 The normalized impedance of the

sample, Ŷ (ω), can be computed for this open-ended probe geometry, assuming only the principal

mode to be present in the coaxial cable. The equation for the normalized impedance found under

these conditions by Blackham is:2

Ŷ (ω) =
k̂2

m(ω)

π k̂c(ω) ln(D/d)
×
[

i
(

I1

0!
− k̂2

m(ω)I3

2!
+

k̂4
m(ω)I5

4!
− . . .

)
+

(
k̂m(ω)I2

1!
− k̂3

m(ω)I4

3!
+

k̂5
m(ω)I6

5!
− . . .

)]
(2)

Here, k̂m(ω) = ω
√

ε̂(ω)ε0µ0 is the propagation constant of the sample at frequency ω , µ0 is

the vacuum permeability, k̂c(ω) = ω
√

ε̂cε0µ0 is the propagation constant in the probe head, D is

the inside diameter of the outer conductor, and d is the outside diameter of the inner conductor.

The elements In, n ∈ [1,2, . . .40], are coefficients resulting from the Taylor expansion of the nor-

malized impedance and depend on the geometric configuration of the setup. All coefficients In

were computed via numerical integration of Eq. (3):2

I′n =
∫ D

d

∫ D

d

∫
π

0

(√
r2 + r′2−2rr′ cos(θ)

)n−2

cos(θ)dθ dr dr′ (3)

The thus obtained coefficients were empirically refined following the route outlined in Ref.

2. This optimization was performed by fitting calculated |S11| values according to Eq. (2) to

the modulus of measured scattering parameters for a series of reference liquids, while the cable

losses were taken to be independent of the sample (i.e. water,3 aqueous solutions of NaCl,4 N,N-

dimethylacetamide,5 propylene carbonate,6, methanol,7 ethanol,7 and 2-propanol7).

As the VNA provides only relative measurements of the reflected wave with respect to an

arbitrary reference wave the instrumentation needs to be calibrated. This calibration was performed
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Figure 2: Dielectric permittivity spectra for several reference liquids ranging from samples with
high (water) to low (2-propanol) permittivities. Symbols correspond to experimental data recorded
at 25◦C with the present experimental setup. Solid lines correspond to literature spectra.3,6,7
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prior to each measurement series using an one-port, three-term error model,1,2 which relates the

relative measured scattering parameters, Sm
11(ω), to the actual scattering parameters at the sample-

coaxial probe interface, Sa
11(ω):

Sm
11(ω) = ed(ω)+

er(ω)Sa
11(ω)

1− es(ω)Sa
11(ω)

(4)

The errors of directivity, ed(ω), frequency response, er(ω), and source match, es(ω), were

determined at each single frequency by performing three reflection measurements for water, air,

and a gold foil (short).

For each sample measurement the reflection coefficient at the sample - coaxial probe interface,

Sa
11, was calculated from the measured value of Sm

11 using eq. Eq. (4). The values of ε̂(ω) of

the sample were subsequently determined with Eq. (1) and Eq. (2) using a nonlinear optimization

based on a simplex algorithm.

The sample, which is positioned on top of the glass bead, is more than 0.5 cm thick and kept in

a temperature-controlled jacket at 25◦C. As can be seen in Figure 2, the spectra recorded with our

present setup are in excellent agreement with spectra reported in literature and the accuracy of the

present experiment is estimated to be better than 2 %.

THz dielectric relaxation

Figure 3A shows the time-domain terahertz (THz) spectroscopy setup. We split ∼75 milliwatts

of the output of an 800 nm, 110 fs, 1 kHz pulsed Ti:sapphire laser into two branches to generate

and to detect the THz pulses with a spectrum covering 0.7–1.5 THz. The single-cycle THz-pulse

is generated via optical rectification in a nonlinear ZnTe crystal. The THz pulse is transmitted

through the sample and focused on a second ZnTe detection crystal. The sample is held between

two PCTFE (Polychlorotrifluoroethylene) windows separated by a teflon spacer yielding a sealed

chamber, see Figure 3B. The sample cell has two compartments, which are alternately put into the

focus of the THz beam. One compartment of the cell contains the sample, the other compartment
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is an empty reference used to correct for laser drifts.

The 800 nm pulse used for the detection is passed through a delay line and is spatially over-

lapped with the THz-pulse on the ZnTe detection crystal. The temporal overlap with the THz-pulse

is controlled using a delay line. At the detection crystal, the polarization ellipticity of the initially

linearly polarized detection pulse is changed due to the induced birefringence in the ZnTe under

influence of the electric field of the THz-pulse. This change in ellipticity is detected using a quarter

wave plate, a polarizing beamsplitter, and a differential detector.8 The generation beam is chopped

at 500 Hz to allow for background subtraction. A gated integrator (Stanford Research Systems

SR250) is used to record both the THz pulses that are transmitted through the empty cuvette and

the THz pulses that are transmitted through the Nafion filled cuvette. An air measurement is done

by removing the rotating sample holder from the setup. The thickness of the cuvette windows is

1.980 mm and the air filled chamber has a length of 0.180 mm.

The ratio of the frequency components of the pulse travelling through the sample and those of

the pulse travelling though an empty cuvette, Esam(ω)/Ecuv(ω), is given in terms of the propaga-

tion coefficients, pi, transmission coefficients, ti j, and reflection coefficients, ri j, as:9

Esam(ω)

Ecuv(ω)
=

t23 p3t34(1+ r′23r′34 p′3
2)

t ′23 p′3t ′34(1+ r23r34 p32)
(5)

The index 3 represents air, the index in a primed coefficient and Nafion in a non-primed coef-

ficient, the indices 2 and 4 represent the window material (PCTFE), see Figure 3B. The refractive

index of the cuvette material is determined in a separate measurement in which the transmission

of the empty cuvette is compared with that of air. Hence, all variables are known except the com-

plex refractive index of the Nafion, n̂(ω). The complex refractive index of the hydrated Nafion is

obtained by fitting the measured ratio of the frequency components of the THz pulse transmitted

through the Nafion filled cuvette and the empty cuvette to Eq. (5). The permittivity, ε̂(ω), can be

determined by the relation ε̂(ω) = n̂(ω)2.
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Decomposition of measured spectra into dielectric relaxation and conductiv-

ity contributions

Figures 2 and 3 of the main article presented the dielectric relaxation of water dipoles in the sodium

phase and proton phase Nafion membranes, respectively, after subtraction of the conductivity re-

sponse. However, the measured dielectric loss ε ′′’ is dominated by the conductivity loss term

σ /ε0ω (where σ is the conductivity, ε0 is vacuum permittivity and ω is the angular frequency of

the external electric field) especially at higher hydration levels. Figure 4 gives the measured raw

data for the proton phase Nafion. The top panel shows the real part which is not affected by the

ionic conductivity (thus being identical to the top panel given in Fig. 3 in the main article). The

middle part represents the total fit to ε ′′ given by Eq. 3 in the main text, whereas the bottom part

shows the decomposition of ε ′′ into conductivity and dielectric relaxation contributions, i.e. given

by the first and second term in the fit model, respectively.
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