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Table S1: Ratio of the ensemble average velocity of water to the ensemble average velocity
of hydronium, 〈vH2O〉 /

〈
vH3O+

〉
, as a function of temperature and electric field strength for

λ = 5. The electric field is imposed along the x, y or z axis in independent simulations. Two
starting independent configurations 1 and 2 were used.

T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
330 0.020 x 1 0.372
330 0.020 x 2 0.421
330 0.020 y 1 0.282
330 0.020 y 2 0.317
330 0.020 z 1 0.441
330 0.020 z 2 0.421
330 0.050 x 1 0.494
330 0.050 x 2 0.507
330 0.050 y 1 0.422
330 0.050 y 2 0.456
330 0.050 z 1 0.453
330 0.050 z 2 0.537
330 0.075 x 1 0.493
330 0.075 x 2 0.431
330 0.075 y 1 0.457
330 0.075 y 2 0.465
330 0.075 z 1 0.424
330 0.075 z 2 0.445
330 0.100 x 1 0.432
330 0.100 x 2 0.415
330 0.100 y 1 0.429
330 0.100 y 2 0.410
330 0.100 z 1 0.426
330 0.100 z 2 0.454
360 0.020 x 1 0.400
360 0.020 x 2 0.319
360 0.020 y 1 0.338
360 0.020 y 2 0.374
360 0.020 z 1 0.425
360 0.020 z 2 0.552
360 0.050 x 1 0.518
360 0.050 x 2 0.454
360 0.050 y 1 0.429
360 0.050 y 2 0.451
360 0.050 z 1 0.471
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T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
360 0.050 z 2 0.508
360 0.075 x 1 0.486
360 0.075 x 2 0.445
360 0.075 y 1 0.473
360 0.075 y 2 0.487
360 0.075 z 1 0.459
360 0.075 z 2 0.456
360 0.100 x 1 0.433
360 0.100 x 2 0.415
360 0.100 y 1 0.429
360 0.100 y 2 0.434
360 0.100 z 1 0.432
360 0.100 z 2 0.409
420 0.020 x 1 0.421
420 0.020 x 2 0.376
420 0.020 y 1 0.349
420 0.020 y 2 0.348
420 0.020 z 1 0.380
420 0.020 z 2 0.417
420 0.050 x 1 0.436
420 0.050 x 2 0.434
420 0.050 y 1 0.393
420 0.050 y 2 0.411
420 0.050 z 1 0.418
420 0.050 z 2 0.425
420 0.075 x 1 0.427
420 0.075 x 2 0.413
420 0.075 y 1 0.438
420 0.075 y 2 0.412
420 0.075 z 1 0.419
420 0.075 z 2 0.416
420 0.100 x 1 0.403
420 0.100 x 2 0.402
420 0.100 y 1 0.398
420 0.100 y 2 0.405
420 0.100 z 1 0.415
420 0.100 z 2 0.399
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Table S2: Ratio of the ensemble average velocity of water to the ensemble average velocity
of hydronium, 〈vH2O〉 /

〈
vH3O+

〉
, as a function of temperature and electric field strength for

λ = 10. The electric field is imposed along the x, y or z axis in independent simulations.
Two starting independent configurations 1 and 2 were used.

T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
330 0.020 x 1 0.355
330 0.020 x 2 0.347
330 0.020 y 1 0.421
330 0.020 y 2 0.442
330 0.020 z 1 0.565
330 0.020 z 2 0.547
330 0.050 x 1 0.450
330 0.050 x 2 0.470
330 0.050 y 1 0.478
330 0.050 y 2 0.463
330 0.050 z 1 0.538
330 0.050 z 2 0.565
330 0.075 x 1 0.394
330 0.075 x 2 0.420
330 0.075 y 1 0.397
330 0.075 y 2 0.384
330 0.075 z 1 0.439
330 0.075 z 2 0.470
330 0.100 x 1 0.383
330 0.100 x 2 0.371
330 0.100 y 1 0.363
330 0.100 y 2 0.365
330 0.100 z 1 0.378
330 0.100 z 2 0.371
360 0.020 x 1 0.359
360 0.020 x 2 0.322
360 0.020 y 1 0.465
360 0.020 y 2 0.434
360 0.020 z 1 0.470
360 0.020 z 2 0.523
360 0.050 x 1 0.463
360 0.050 x 2 0.407
360 0.050 y 1 0.437
360 0.050 y 2 0.469
360 0.050 z 1 0.434
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T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
360 0.050 z 2 0.475
360 0.075 x 1 0.402
360 0.075 x 2 0.389
360 0.075 y 1 0.395
360 0.075 y 2 0.397
360 0.075 z 1 0.428
360 0.075 z 2 0.419
360 0.100 x 1 0.375
360 0.100 x 2 0.371
360 0.100 y 1 0.359
360 0.100 y 2 0.367
360 0.100 z 1 0.375
360 0.100 z 2 0.371
420 0.020 x 1 0.392
420 0.020 x 2 0.394
420 0.020 y 1 0.421
420 0.020 y 2 0.400
420 0.020 z 1 0.406
420 0.020 z 2 0.469
420 0.050 x 1 0.432
420 0.050 x 2 0.410
420 0.050 y 1 0.424
420 0.050 y 2 0.402
420 0.050 z 1 0.421
420 0.050 z 2 0.444
420 0.075 x 1 0.386
420 0.075 x 2 0.394
420 0.075 y 1 0.402
420 0.075 y 2 0.399
420 0.075 z 1 0.384
420 0.075 z 2 0.379
420 0.100 x 1 0.367
420 0.100 x 2 0.360
420 0.100 y 1 0.359
420 0.100 y 2 0.361
420 0.100 z 1 0.374
420 0.100 z 2 0.361
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Table S3: Ratio of the ensemble average velocity of water to the ensemble average velocity
of hydronium, 〈vH2O〉 /

〈
vH3O+

〉
, as a function of temperature and electric field strength for

λ = 15. The electric field is imposed along the x, y or z axis in independent simulations.
Two starting independent configurations 1 and 2 were used.

T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
330 0.020 x 1 0.400
330 0.020 x 2 0.379
330 0.020 y 1 0.399
330 0.020 y 2 0.405
330 0.020 z 1 0.385
330 0.020 z 2 0.353
330 0.050 x 1 0.399
330 0.050 x 2 0.394
330 0.050 y 1 0.428
330 0.050 y 2 0.430
330 0.050 z 1 0.397
330 0.050 z 2 0.416
330 0.075 x 1 0.388
330 0.075 x 2 0.410
330 0.075 y 1 0.374
330 0.075 y 2 0.391
330 0.075 z 1 0.387
330 0.075 z 2 0.395
330 0.100 x 1 0.351
330 0.100 x 2 0.351
330 0.100 y 1 0.362
330 0.100 y 2 0.341
330 0.100 z 1 0.330
330 0.100 z 2 0.355
360 0.020 x 1 0.384
360 0.020 x 2 0.360
360 0.020 y 1 0.409
360 0.020 y 2 0.421
360 0.020 z 1 0.365
360 0.020 z 2 0.365
360 0.050 x 1 0.409
360 0.050 x 2 0.376
360 0.050 y 1 0.443
360 0.050 y 2 0.401
360 0.050 z 1 0.389
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T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
360 0.050 z 2 0.397
360 0.075 x 1 0.389
360 0.075 x 2 0.415
360 0.075 y 1 0.367
360 0.075 y 2 0.405
360 0.075 z 1 0.405
360 0.075 z 2 0.430
360 0.100 x 1 0.343
360 0.100 x 2 0.357
360 0.100 y 1 0.348
360 0.100 y 2 0.355
360 0.100 z 1 0.345
360 0.100 z 2 0.350
420 0.020 x 1 0.394
420 0.020 x 2 0.397
420 0.020 y 1 0.400
420 0.020 y 2 0.414
420 0.020 z 1 0.383
420 0.020 z 2 0.395
420 0.050 x 1 0.407
420 0.050 x 2 0.419
420 0.050 y 1 0.429
420 0.050 y 2 0.496
420 0.050 z 1 0.445
420 0.050 z 2 0.403
420 0.075 x 1 0.386
420 0.075 x 2 0.386
420 0.075 y 1 0.387
420 0.075 y 2 0.387
420 0.075 z 1 0.392
420 0.075 z 2 0.379
420 0.100 x 1 0.343
420 0.100 x 2 0.341
420 0.100 y 1 0.345
420 0.100 y 2 0.340
420 0.100 z 1 0.341
420 0.100 z 2 0.344
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Table S4: Ratio of the ensemble average velocity of water to the ensemble average velocity
of hydronium, 〈vH2O〉 /

〈
vH3O+

〉
, as a function of temperature and electric field strength for

λ = 20. The electric field is imposed along the x, y or z axis in independent simulations.
Two starting independent configurations 1 and 2 were used.

T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
330 0.020 x 1 0.450
330 0.020 x 2 0.463
330 0.020 y 1 0.348
330 0.020 y 2 0.354
330 0.020 z 1 0.360
330 0.020 z 2 0.357
330 0.050 x 1 0.445
330 0.050 x 2 0.394
330 0.050 y 1 0.377
330 0.050 y 2 0.411
330 0.050 z 1 0.387
330 0.050 z 2 0.446
330 0.075 x 1 0.383
330 0.075 x 2 0.364
330 0.075 y 1 0.357
330 0.075 y 2 0.382
330 0.075 z 1 0.393
330 0.075 z 2 0.386
330 0.100 x 1 0.328
330 0.100 x 2 0.329
330 0.100 y 1 0.325
330 0.100 y 2 0.330
330 0.100 z 1 0.323
330 0.100 z 2 0.326
360 0.020 x 1 0.428
360 0.020 x 2 0.448
360 0.020 y 1 0.363
360 0.020 y 2 0.364
360 0.020 z 1 0.355
360 0.020 z 2 0.341
360 0.050 x 1 0.455
360 0.050 x 2 0.394
360 0.050 y 1 0.533
360 0.050 y 2 0.406
360 0.050 z 1 0.431
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T/[K] e/[V /Å] Axis Configuration 〈vH2O〉 /
〈
vH3O+

〉
360 0.050 z 2 0.408
360 0.075 x 1 0.382
360 0.075 x 2 0.370
360 0.075 y 1 0.399
360 0.075 y 2 0.394
360 0.075 z 1 0.393
360 0.075 z 2 0.372
360 0.100 x 1 0.338
360 0.100 x 2 0.338
360 0.100 y 1 0.336
360 0.100 y 2 0.335
360 0.100 z 1 0.339
360 0.100 z 2 0.329
420 0.020 x 1 0.428
420 0.020 x 2 0.431
420 0.020 y 1 0.356
420 0.020 y 2 0.365
420 0.020 z 1 0.376
420 0.020 z 2 0.365
420 0.050 x 1 0.412
420 0.050 x 2 0.399
420 0.050 y 1 0.499
420 0.050 y 2 0.388
420 0.050 z 1 0.389
420 0.050 z 2 0.402
420 0.075 x 1 0.379
420 0.075 x 2 0.380
420 0.075 y 1 0.363
420 0.075 y 2 0.362
420 0.075 z 1 0.376
420 0.075 z 2 0.362
420 0.100 x 1 0.327
420 0.100 x 2 0.328
420 0.100 y 1 0.330
420 0.100 y 2 0.328
420 0.100 z 1 0.327
420 0.100 z 2 0.329
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Table S5: Ratio between the average velocities of water molecules and hydronium ions, and
the electro-osmotic drag coefficient (ξD) as a function of water content, λ, and temperature.
σ is the standard deviation of the mean from 6 independent simulations.

λ T/[K] 〈vH2O〉 /
〈
vH3O+

〉
σ ξD σ

5 330 0.43 0.04 2.2 0.2
5 360 0.44 0.03 2.2 0.2
5 420 0.41 0.02 2.0 0.1
10 330 0.4 0.1 4 1
10 360 0.41 0.03 4.1 0.3
10 420 0.40 0.03 4.0 0.3
15 330 0.38 0.03 5.8 0.4
15 360 0.38 0.02 5.8 0.4
15 420 0.39 0.04 5.8 0.6
20 330 0.38 0.04 8 1
20 360 0.39 0.04 7.7 0.8
20 420 0.38 0.04 7.5 0.7
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Table S6: Computed partial molar volumes and and partial molar excess enthalpies of water
as a function of water uptake in the Nafion membrane. Uncertainties (σ) are calculated using
block averaging (5 blocks). (h̄ig

H2O) is the ideal gas reference enthalpy of water which can
be found in JANAF tables1,2 or REFPROP.3 The molar properties of pure water computed
using the CFF force field are (in units of cm3/mol and kJ/mol, respectively) υH2O = 19.76(2),
hH2O = −28.29(1) at T = 330 K, υH2O = 20.45(1), hH2O = −26.57(1) at T = 360 K. At
T = 420 K, the saturation pressure for the liquid phase is higher than 1 atm, and the molar
properties of pure liquid water at T = 420 K are not considered here.

λ T/[K] ῡH2O/[cm3/mol] σῡ (h̄H2O − h̄ig
H2O)/[kJ/mol] σh̄

5 330 16.3 0.8 -35.6 0.7
10 330 17.5 0.8 -34.7 0.4
15 330 18.2 1.0 -34.7 0.6
20 330 18.5 0.3 -34.7 0.5
5 360 16 1 -34.3 0.6
10 360 18.9 0.4 -32.2 0.6
15 360 18.1 0.9 -32.7 0.6
20 360 19.8 0.7 -31.4 0.5
5 420 18 2 -27.2 1.0
10 420 21.1 0.8 -27 1
15 420 21 1 -29 1
20 420 19.9 0.4 -28.5 0.5
5 570 25.4 0.7 -18 1
10 570 25 2 -18 1
15 570 29 2 -16 2
20 570 31 3 -15 3
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Figure S1: Ratio between the velocities of water and hydronium for λ = 10 at different
magnitudes of the electric field imposed on the simulation box at (a) T = 330 K, (b) T = 360
K, and (c) T = 420 K. Squares are the average over the ratio between the velocities. Raw
data are provided in Table S2.
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Figure S2: Ratio between the velocities of water and hydronium for λ = 15 at different
magnitudes of the electric field imposed on the simulation box at (a) T = 330 K, (b) T = 360
K, and (c) T = 420 K. Squares are the average over the ratio between the velocities. Raw
data are provided in Table S3.
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Figure S3: Radial distribution functions for water and hydronium in hydrated Nafion com-
puted for different number of water molecules at T = 330 K. Different configurations were
generated by removing water molecules from the simulation box equilibrated at λ = 5
(800 water molecules), and λ = 20 (3800 water molecules)4 : (a) water-water (b) water-
hydrionium.
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Figure S4: Radial distribution functions for water and hydronium in hydrated Nafion com-
puted for different number of water molecules at T = 330 K. Different configurations were
generated by removing water molecules from the simulation box equilibrated at λ = 5 (800
water molecules), and λ = 20 (3800 water molecules)4 : (a) water-Sulfur (b) hydronium-
Sulfur.
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Figure S5: Coordination numbers for different λ corresponding to Fig. 5 of the main text.
The coordination number n(i − j) of species j around species i is defined as: n(i − j) =
4π
∫ r

0
dr r2ρjgij(r) in which ρj is the number density of species j.

S16



(a)

0 1 2 3 4 5 6 7
0

5

10

15

20

25

(b)

0 1 2 3 4 5 6 7
0

5

10

15

20

25

(c)

0 1 2 3 4 5 6 7
0

1

2

3

4

(d)

0 1 2 3 4 5 6 7
0

1

2

3

4

Figure S6: Coordination numbers for different λ corresponding to Fig. 6 of the main text.
The coordination number n(i − j) of species j around species i is defined as: n(i − j) =
4π
∫ r

0
dr r2ρjgij(r) in which ρj is the number density of species j.
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