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1 Experimental
Humidifier A humidifier system was used to set water contents between P2O5 ·2.5H2O and P2O5 ·3.1H2O for
NMR measurement. Inside the humidifier a constant N2 gas flow is led through water in a temperature controlled
vessel (see figure 1) to ensure saturation of the gas. The water saturated gas is then led to the sample cham-
ber, containing the sample in a Teflon container with inside thread. Spatial separation of humidifier and sample
chamber by the temperature controlled transfer zone ensures independent temperature control in the two com-
partments. With the temperature (in Celsius) in both humidifier TW and sample chamber TS the saturation partial
water pressure in the respective compartments eW and eS are calculated according to the empirical equations:

eW,S(TW,S(
◦C)) = 6.1078 ·107.5·Ti/(237.3+Ti) hPa ; T < 70◦C

eW,S(TW,S(
◦C)) = 5.94062 ·107.28829·Ti/(226.531+Ti) hPa ; T > 70◦C (1)

obtained from a fit to literature data.[1] The relative humidity (RH) is calculated from the ratio of saturation water
pressure in both chambers:

RH =
eW

eS
·100% (2)

The sample container can be closed without opening the humidifier through a hole in the sample chamber’s top
lid. This hole is sealed by the sample containers upper part (a Teflon rod with outside thread) while the sample
equilibrates. The relation between RH and water uptake is known from TGA measurements (see figure 2 main
text) and have been checked for consistency between the two setups. For P2O5 ·3H2O (i.e. nominally dry sample)
the water content after equilibration in the humidifier was evaluated by 31P-NMR and compared to nominally dry
freshly fused crystalline H3PO4 (see sample preparation).

Impedance Cell Impedance spectroscopy experiments are conducted in a pseudo-four-point setting in a T-
shaped Duran glass cell (figure 2) with two circular platinum electrodes. The sample chamber (V ∼ 3ml) is filled
through a central tapping socket which is sealed gas tight during the temperature dependent measurement by a glas
insert containing a typ K thermocouple trough which temperature is controlled. Temperatures above T = 60◦C
have been set in a Memmert ULE 400 oven and temperatures below T = 60◦C in a Lauda RE207 thermostat.
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Figure 1: Schematic of the humidifier system consisting of independently temperature controlled water comparte-
ment, transferzone and sample chamber. A Teflon NMR sample holder can be inserted and manipulated
through the closed sample chamber lid.

Equilibrium at low water contents The multitude of condensation and dissociation equilibria in phosphoric
acid make extended equilibration times necessary. For neat phosphoric acid complete compositional equilibrium
is reached after weeks at its melting point.[2] This estimate has been confirmed by measuring the 17O exchange
between H2O and H3PO4 which takes place through condensation reactions. For lower water contents even
longer equilibration times can be expected and equilibrium compositions of higher temperatures are “frozen in”
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Figure 2: Schematic of the T-shaped impedance cell including a type K thermocouple and Pt electrodes to either
side.

by fast cooling of the sample. As already pointed out by Munson in 1964 this might be the reason for the severe
difference between compositional data for neat H3PO4 obtained by Munson [2] (∼ 2%H2O) and by Huhiti et.
al.[3] and Jameson[4] (∼ 6%H2O). In this work compositions have therefore only be analyzed by 31P-NMR at
elevated temperatures (T > 70◦C). Extrapolation towards lower temperatures reproduces the data of Munson. On
the other hand, stable conductivity, diffusion and T1 relaxation times are reached at much lower equilibration
times and despite non-equilibrium compositions.

17O-NMR The low natural abundance (>0.038%) of 17O and its low (quadrupolar) relaxation rates make 17O
PFG-NMR challenging. Enriched water (10 %) was used to prepare samples in the range 4 < λ < 8. Due to
oxygen the hydrolysis-condensation equilibrium reaction with pyrophosphoric acid oxygen exchanges between
H3PO4 and H2O. In freshly mixed samples a clear shift of intensity from the H2O peak to the H3PO4 peak (see
figure 3). To ensure full equilibration, samples have been kept in sealed NMR tubes at increased temperature for
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Figure 3: Relative peak intensity of H2O and H3PO4 in 17O NMR experiment over time. Samples was prepared by
mixing 10% 17O enriched water with crystalline nominally dry H3PO4. Sample was kept at T = 322 K
for roughly 2 month.

up to several weeks till homogenous distribution of 17O between H3PO4 and H2O was reached and no changes
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in the 17O NMR spectrum over time could be seen. Due to the low relaxation times we use relatively low
levels of enrichment and can only measure at elevated temperatures (>370 K) with low diffusion times (<4 ms)
and the PFGSE sequence. The maximum gradient strength for the experiments did not exceed 20 T/m. The
number of accumulations necessary for is quite high and the experiments are therefore time consuming despite
low remagnetization times.

Transference experiment Literature transference measurements for phosphoric acid in aqueous solution
conducted by diverse methods in the 1950’s and 1960’s [5–7] are only available for dilute aqueous solutions
(highest concentration 56 wt%). Those works only distinguish between positive and negative charge being trans-
ferred. In this work we distinguish between transport by structural diffusion and vehicle conductivity (positive
and negative ionic charge carrier transport) at low water contents.
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Figure 4: Schematic of the transference cell.

Figure 5: Picture of the transference cell. The electrodes are housed in an inner Telfon ring (white) and an outer
PVC ring (red) used to press the electrodes against the glass container.
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Figure 6: Concentration gradient and particle flux a) at t=0, b) at the stationary state and c) after turning of the cur-
rent (relaxation). Homogeneous concentration in the compartments and a linear concentration gradient
in the diaphragm are assumed in all cases, i.e. particle flux is the flux through the diaphragm.
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The transference measurement was conducted at T = 60 ◦C in a glass cell (see figure 4) consisting of an
anode and cathode compartment separated by a ceramic diaphragm (pore size 10− 16 µm), each compartment
containing a hydrogen (5% H2 in Ar) breathing hydrophobic gas diffusion electrode (A = 6.15 cm2) as commonly
used in PEM fuel cells. Both compartments (V = 8.3ml) were filled with a phosphoric acid - water solution of
identical composition and the transference cell was placed inside a desiccator with humidified gas. Experiments
were conducted for λ = 4.92 (85wt% H3PO4 (aq)) and λ = 7 (73wt% H3PO4 (aq)) with humidified stream
corresponding to the water partial pressure of 85wt% H3PO4 or 73wt% H3PO4 (aq) at T = 60◦C, respectively.[8]
For this purpose gas stream was fed through a bubbler containing 85wt% H3PO4 or saturated MgCl2(aq).[9]

A current Iouter = 30mA was applied and samples of volume 0.3 ml were extracted a different times t from
both compartments with a syringe through tapping sockets. As concentrations in each compartment are homog-
enized through convection and changes of the concentration in the compartments occur as a result of H2O–,
H3PO4–, H3O+–, H2PO–

4– flux through the diaphragm (thickness d= 2.5 mm, see below) water concentrations
in the extracted sample at different times allow to analyze that particle flux. The concentrations were analyzed
by 31P-NMR conducted in a Bruker Avance Spectrometer at a magnetic field strength of 7.05 T and in Wilmad
double walled NMR tubes. Phosphoric acid samples were contained in the outer compartment, while D2O served
as standard for deuteron lock in the inner compartment. Comparison of respective phosphorous chemical shifts
with a reference curve of chemical shift values versus water content (see figure 5 main text) allows for accurate
analysis of the small sample volumes. The loss of electrolyte volume in the compartments through the extrac-
tion was included in the calculation of λ1(t) and λ2(t) and the t values in figure 12 of the main text have been
calculated as to correspond to a constant volume of 8.3 ml in both compartments. To express the concentration
difference ∆λ (t) in relation to the particle flux the molar ratio λ is expressed as a volume concentration difference

∆c =
[

98 g
mol ·2

λ1−3
+18

g
mol

]−1

·ρ1−
[

98 g
mol ·2

λ2−3
+18

g
mol

]−1

·ρ2 (3)

with the respective density ρ (see figure 11) at T = 60◦C. Data shown in the main text and in figure 7 and 9
include points of two separate reproducible runs of the transference experiment.

At the beginning of the experiment the water concentration c1 and c2 in both compartment is equal (∆c(t = 0) =
0, figure 6a). For ix indicating charge flux, jx particle flux and F being Farraday’s constant under applied current
(Iouter = 30mA) the water concentration gradient between the two compartment does not change through structural
conductivity of protons 1

F istrucural = jH+ , but increases through H3O+ and H2PO–
4 vehicle conductivity associated

with the particle flux 1
F iveh = jH3O+ + jH2PO−4

. Concentrations are homogeneous inside the compartments and the
concentration difference build up through particle transport is assumed to decay with a linear gradient over the
thickness of the diaphragm.

The different current contribution/ conductivity contributions of vehicle and structural conductivity are assessed
by transference numbers tveh + tstructural = 1 with iveh = tvehIouter and istructural = tstructuralIouter (see main text for
conductivity contributions and transference numbers). The entities iveh and tveh can be measured through analysis
of the time evolution of ∆c as applied current, or iveh = tvehIouter to be precise, directly leads to a build up of ∆c

∂

∂ t
∆c =−div

(
1
F

iveh

)
. (4)

However, with increasing ∆c the concentration gradient causes a flux jH2O opposite the flux of H3O+ and a flux
jH3PO4

opposite the flux of H2PO−4 (figure 6 b).
The different fluxes just compensate at the steady state for which ∆c(t) = ∆csteady = const. However, as the

transported ions and neutral species interchange

H++H2O−−⇀↽−− H3O+ (5)

H++H2PO−4 −−⇀↽−− H3PO4 (6)

at the steady state it is therefore:

jH2O 6=−
1
F

iH3O+ (7)

jH3PO4
6=− 1

F
iH2PO−4

. (8)

6



Instead of separate flow of the existing species the net flow of all aqueous species (H2O and H3O+) jaq(=
1
F iaq)

and the net flow of all phosphoric acid species (H3PO4 and H2PO–
4) jP1(=

1
F iP1

) need to be considered. In the
steady state it is therefore

1
F

iaq = jH3O+ + jH2O = 0 (9)

− 1
F

iP1
= jH2PO−4

+ jH3PO4
= 0. (10)

with

iges = iaq + iP1︸ ︷︷ ︸
iveh

+ iH+︸︷︷︸
istruc

(11)

= F

 jH3O+ + jH2O− jH2PO−4
− jH3PO4︸ ︷︷ ︸

jveh

+ jH+︸︷︷︸
jstruc

 . (12)

linking the transport of H3PO4, H2O, H2PO–
4 and H3O+ to the already introduced 1

F iveh and jveh with

1
F

iveh = jveh. (13)

The combined flux of ions 1
F iveh and the combined backflow jveh are equally convenient for the description of

the time evolution of ∆c(t) outside the steady state. The time evolution of ∆c(t) with an applied current can be
described by a constant term S = −div

( 1
F iveh

)
, indicating the build up of concentration difference through the

applied current, and a time/concentration dependent backflow with constant rate Γ depending on sample volume,
thickness of the diaphragm d, and the effective diffusion coefficient through the diaphragm:

d∆c
dt

= S−Γ∆c(t) (14)

With ∆ct=0 = 0 the solution to that equation 14 is

∆c(t) =
S
Γ
(1− exp(−Γt)) (15)

which runs into a steady state for which jveh and 1
F iveh compensate each other (see above) and

∆csteady =
S
Γ
. (16)

Therefore S and iveh can be calculated from the steady state concentration ∆csteady and the back flow rate Γ.
The relaxation rate Γ was obtained from the time evolution after turning of the current. For this case jveh cause

a relaxation of the the concentration difference (see figure 5 c)

∆c(t) = ∆csteady exp(−Γt). (17)

Though this value can theoretically also be obtained from the increase of ∆c under applied current, due to
the way ∆c is measured this method cannot be used here. To measure ∆c the cell needs to be taken out of the
desiccator, the current is removed and the electrodes are bare of reactant gas. It takes up to half an hour in which
the concentration difference already relaxes to stabilize the current flow after this process. It is thus not possible
to correct the increase of ∆c for that backflow. By measuring ∆c without current applied there are no additional
waiting times with unclear state of the system and the results are more accurate.

A least square fit of equation 17 to the experimental data is shown in figure 8 and 10.
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Figure 7: Concentration over time. Starting concentration 85wt%.
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Figure 8: Evolution of ∆c over time after turning off the outer current Iouter = 30mA and fit of equation 17. Starting
concentration 85wt%.

With Γ and ∆csteady the transference number tveh is calculated as follows:

∆csteady ·Γ =−div
(

1
F

iveh

)
(18)∫

∆csteady ·Γdxdydz =
∫
−div

(
1
F

iveh

)
dxdydz (19)

∆csteady ·Γ ·V =
1
F

iveh (20)

iveh = F∆csteady ·Γ ·V (21)
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Figure 9: Concentration over time. Starting concentration 73wt%.
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Figure 10: Evolution of ∆c over time after turning off the outer current Iouter = 30mA and fit of equation 17.
Starting concentration 73wt%.

It is:
tveh = F

∆csteady ·Γ ·V
Iouter

(22)
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Iouter ∆csteady Γ tveh

85wt% 30 mA 0.00288mol/cm3 8.22 ·10−61/s 0.63
73wt% 30 mA 0.00433mol/cm3 8.62 ·10−61/s 0.99
73wt% 30 mA 0.00463mol/cm3 6.92 ·10−61/s 0.85

As the concentration of H3O+ and H2PO–
4 is identical cion (minor difference at very low water content due to

autodissociation of H3PO4) the transference numbers tH3O+ and tH2PO−4
(tveh = tH3O+ + tH2PO−4

) can be calculated
from the ratio of the respective diffusion coefficients DH3O+ and DH2PO−4

as know from PFG-NMR as it is:

σvehicle =
F2

RT
cion(DH3O+ +DH2PO−4

). (23)

Dissociation constant Dissociation constants are calculated from tveh, the corresponding ion concentrations
cion and the respective concentrations of aqueous (aq) and phosphate (P1) species. In the terminology introduced
in the main text and with [H3O+] = [H2PO−4 ] = [ion] the dissociation constant is:

K =
[ion]2

([aq]− [ion]) (P1]− [ion])
(24)

The molar ion concentration is therefore:

[ion] =
K ([aq]+ [P1])

2(K−1)
+

√
K
(
K[aq]2 +4[aq][P1]−2K[aq][P1]+K[P1]2]

)1/2

2(K−1)
(25)

Calculations including phosphoric acid’s density In calculating σD
vehicle and σD

structure temperature de-
pendent density values for different water contents are used. Summaries of physical properties of H3PO4 (aq) can
be found in the book of Slack [10], the DOE report of Sarangapani et al. [11], or more recently the article by Korte
[12]. Of special importance for this study are the empirical equations for density as a function of temperature and
water content. MacDonald and Boyack report an empirical equation; (W = weight percentage of H3PO4 (aq); T
= Temperature in ◦C; valid in the range 86-102wt% H3PO4 (aq); 25-170 ◦C ):

ρ = 0.68235+1.20811 ·10−2W −
(

1.2379 ·10−3−3.7938 ·10−6W
)

T
g

cm3 (26)

The data of Egan and Luff [13] and Christensen and Reed [14] (15-100wt% H3PO4 (aq); 25-60 ◦C) have been
joined and fitted with the following equation:

ρ =0.959185+5.42201 ·10−3W +2.264 ·10−5W 2 +1.2172 ·10−7W 3

− (2.33111 ·10−4 +4.75028 ·10−6W )T +2.43866 ·10−6T 2 g
cm3

(27)
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Figure 11: Visualization of empirical density equations by MacDonald and Boyack[15] (blue) and according to
data of Egan and Luff [13]; Christensen and Reed [14].
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2 Results

2.1 Proton decoupling regime (λ = 2−3)
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Figure 12: Conductivity measured at different water contents λ < 3.
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2.2 Neat Phosphoric acid (λ = 3)
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Figure 13: Equilibrium composition in molar fractions of aqueous (H2O/H3O+) and phosphoric acid species for
nominally dry phosphoric acid at different temperatures.
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Figure 14: Haven ratio as described in the main text for λ < 3 in comparison to the data by Dippel et al.[16] for
which at the time temperature dependent composition was not available. It turns out that the ratio is
constant over the whole investigated temperature regime (see main text).

14



2 . 2 2 . 4 2 . 6 2 . 8 3 . 0 3 . 2 3 . 4
1 0 - 7

1 0 - 6

1 0 - 5

D 1 H
s t r u c t u r a l

D 3 1 P
H 4 P 2 O 7

D 1 H
P A

D 1 H
h y d r o

 

D X / 
cm

2 s-1

1 0 0 0  T - 1  /   K - 1

D 3 1 P
H 3 P O 4

1 8 0 1 6 0 1 4 0 1 2 0 1 0 0 8 0 6 0 4 0
T  /  ° C

Figure 15: Diffusion coefficient of protons and the phosphate species at λ = 3.
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2.3 Transition regime (λ > 3)
2.3.1 Transference

The transference tstructural =
σstructural

σexp
in the transition regime (λ > 3) is calculated in the main part of this work.

Calculations are based on measured conductivity σexp and the structural conductivity σstructural , which is calcu-
lated with NMR diffusion data for H2PO–

4 and H3O+ and the concentration of those ions calculated from the
dissociation obtained through the transference experiment conducted at T = 60◦C. As dissociation is temperature
dependent it is not strictly valid to calculate σstructural from that data set at other temperatures than T = 60◦C. It
is important to note, though, that even with non temperature dependent dissociation the trends for the temperature
dependence of tstructural are valid. Temperature dependence in the raw data is included through the temperature
dependent concentration of phosphoric acid and aqueous species (see main text, water concentration increases
towards higher temperatures) and tstructural decreases with increasing temperature (see figure ??).
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Figure 16: Transference number for structure diffusion at different temperature (λ > 3). Contributions of ionic
species to conductivity have been calculated assuming dissociation of H3PO4 according to the disso-
ciation as obtained through the transference experiment at T = 333K. As dissociation is temperature
dependent this assumption is not strictly valid, but the trend that transference numbers decrease to-
wards higher temperature are clear.

Additionally a consistency check of the data set presented in figure 16 and in the main text with proton dif-
fusion data obtained purely through PFG-NMR was conducted. While conductivity measurements through AC-
impedance only measure the transport of charged species contributing to conductivity, 1H PFG-NMR measures
the diffusion of all protons – the ones contributing to conductivity and the ones that do not contribute. With
the high number of diffusing protons not contributing to conductivity and in fact to structural proton diffusion at
increasing water contents calculating the conductivity due to structural proton diffusion only from diffusion data
is prone to error. Even the structural diffusion coefficient D

1H
structural = D

1H −D
1H
hydrodynamic cannot be obtained

without further assumptions on the concentration of H2PO–
4 and H3O+. However, we like to point out at the

example of T = 382K for which proton diffusion, diffusion of aqueous species, and diffusion of phosphoric acid
species were measured the ratio D

1H
structural/D

1H (see figure 17) is consistent with the decay of tstructural at the same
temperature.
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Figure 17: The decay of D
1H
structural/D

1H at increasing water contents as calculated purely from PFG-NMR dif-
fusion data. To obtain D

1H
structural assumptions on the protonation of the aqueous species need to be

made (see main text) and here the limiting cases, viz. all aqueous species being unprotonated (all
are present as H2O) all aqueous species being protonated (all are present as H3O+) are shown. The
decay of structural diffusion calculated from conductivity data (see figure 16) is within those limits at
T = 382K.
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2.3.2 Dissociation

Calculation of vehicle conductivity σvehicle from diffusion data through the Nernst-Einstein equation (eq. 23)
relies on concentrations of all ions present in the solution. As those concentrations cannot be measured di-
rectly (see main text) but have been obtained through the dissociation of H3PO4 measured through transference
experiment (see above) for two water contents λ , dissociation at different water content λ needed to be inter-
polated for the calculations in the main text (figure 13 main text). As the dissociation constant α for disso-
ciation of H3PO4 does not change monotonically at the investigated water contents the monotonically changing
[H3O+][H2PO−4 ]/[H2O][H3PO4] has been interpolated instead and the values are shown in figure 18 with literature
data on higher water contents.[17, 18]

Below λ = 5 the influence of slight changes in [H3O+][H2PO−4 ]/[H2O][H3PO4] on σvehicle is not very large and
the constant value obtained at λ = 4.92 has been used in lack of more accurate dissociation data.
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Figure 18: Dissociation [H3O+][H2PO−4 ]/[H2O][H3PO4] at different λ from literature [17, 18] (gray), from trans-
ference measurements (red), through comparison of diffusion and conductivity data (black points) and
the interpolations used for calculations in the main text (dark gray))
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2.3.3 Chemical Shifts

Gerlt et al.[19] have shown that protonation of the phosphate oxygens causes a downfield shift of the 17O reso-
nance. The possibility to obtain information on dissociation by this technique was briefly investigated.

The data presented in figure 19 exhibit almost identical 17O chemical shifts throughout the acidic aqueous
regime (λ > 11) and reproduce the 17O chemical shifts reported by Christ et al.[20] and Gerothanassis and Shep-
pard[21]. In the viscosity controlled regime (λ < 11) and at lower λ the phosphate 17O resonance is shielded. The
water 17O resonance, on the other hand, is deshielded (with increasing protonation) for all λ < 1000.

However, at very low λ the low factual water content of the samples does not allow for accurate measurement
of the the water 17O resonance and the phosphate 17O resonance scatters considerably. We therefore show and
discuss 31P NMR chemical shifts in the main text which show the same trends. The phosphate 17O and 31P
resonance both depend on the water concentration and reach a critical transition at approximately λ = 11 (see
main text).
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�  =  [ H 2 O ]  /  [ P 2 O 5 ]  

H 3 P O 4  H 3 P O 4

T  =  2 5 ° C

Figure 19: Chemical 17O shifts of the phosphate species and H2O reference to plain the 17O resonance in distilled
water.
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2.3.4 Diffusion Coefficients

In the following a selection of diffusion data at different water content λ and temperature T is given including a
comparison to literature data in figure 21.
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Figure 20: Diffusion coefficients of protons, water and phosphoric acid species at T = 382K (3 < λ < 7).
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Figure 21: Temperature dependent diffusion coefficients (1H and 31P at 85wt% H3PO4 (aq) (P2O5 · 4.92H2O,
H3PO4 ·0.96H2O in comparison to available literature data by Chung et al.[22] and Aihara et al. [23]
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P1 for 10 < λ < 432 at T = 343K.
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Figure 23: Proton diffusion measured at different water contents λ > 101.
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Figure 24: Proton Diffusion measured at different water contents 5 < λ < 46.5.
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Figure 25: Proton Diffusion measured at different water contents 3 < λ < 4.4.
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Figure 26: Phosphorous diffusion measured at different water contents λ > 101.

23



2 . 2 2 . 4 2 . 6 2 . 8 3 . 0 3 . 2 3 . 4 3 . 6 3 . 8

1 0 - 6

1 0 - 5

4 . 9 2 ;  8 5  w t %  
5 . 7 2 ;  8 0  w t %  

7 . 6 ;  7 0  w t %  
1 0 . 3 ;  6 0  w t %  
1 3 . 9 ;  5 0  w t %  
1 9 . 3 ;  4 0  w t %   

 

D31
P P1
 / c

m2 s-1

1 0 0 0  T - 1  /  K - 1

λ  =  4 6 . 5 ;  2 0  w t %  H 3 P O 4  ( a q )

Figure 27: Phosphorous diffusion measured at different water contents 5 < λ < 46.5.
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Figure 28: Phosphorous diffusion measured at different water contents 3 < λ < 4.4.
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2.3.5 Conductivity

In the following a selection of conductivity data at different water content λ and temperature T is given.
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Figure 29: Conductivity measured at different water contents 3 < λ < 5.6.
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Figure 30: Conductivity measured at different water contents 3.47 < λ < 5.2.
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Figure 31: Conductivity measured at different water contents 4.92 < λ < 13.
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Figure 32: Conductivity measured at different water contents λ > 13.
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