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S1 Thermodynamic derivatives with respect to β in the

NPT ensemble

In this section, we derive an expression for derivative of an extensive property X with

respect to β. As stated by Lagache et al.,1 we show that derivatives with respect to β are

independent of the thermal wavelength Λ. We start from the partition function of a mixture

of S distinguishable types of monoatomic components2,3

QNi,P,T = βP
S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N

∫
dsN exp[−βĤ(sN , P, V )] (S1)

in which Λi is the thermal wavelength of component i, β = 1/(kBT ), kB is the Boltzmann

constant, Ni is the number of molecules of component i, V is the volume, and s are the

scaled coordinates. The total number of molecules in the system is denoted by N . The

configurational part of enthalpy is defined as Ĥ(sN , P, V ) = U(sN , V ) + PV in which U is

the total interaction energy including both intermolecular (U ext) and intramolecular (U int)

potential energies, but not the kinetic energy of the system. The thermal wavelength Λi of

component i is defined as3

Λi =
h√

2πmi

β1/2 (S2)

in which h is the Plank’s constant, and mi is the mass of component i.

Ensemble averages of an extensive property X in the NPT ensemble follow from

〈X〉 =

S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N

∫
dsN exp[−βĤ(sN , P, V )]

(S3)
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We define a short-hand notation for the denominator:

qNi,P,T =
S∏
i=1

1

Λ3NiNi!

∫
dV V N

∫
dsN exp[−βĤ(sN , P, V )] (S4)

To obtain the derivative of 〈X〉 with respect to β we start from:

(
∂ 〈X〉
∂β

)
P

=
∂

∂β


S∏
i=1

1
Λ3NiNi!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T


P

(S5)

Following the Quotient Rule, we can write

(
∂ 〈X〉
∂β

)
P

=

∂
∂β

(
S∏
i=1

1
Λ3NiNi!

∫
dV V N(X) exp

∫
dsN exp[−βĤ(sN , P, V )]

)
P

× qNi,P,T

q2
Ni,P,T

−

(
∂qNi,P,T

∂β

)
P

qNi,P,T

×

S∏
i=1

1
Λ3NiNi!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

(S6)

Starting from the first term on the right hand side of Eq. S6, we have

1

qNi,P,T

×

∂

∂β

(
S∏
i=1

1

Λ3NiNi!

∫
dV V N(X) exp

∫
dsN exp[−βĤ(sN , P, V )]

)
P

=
1

qNi,P,T

×
∂

∂β

(
S∏
i=1

1

Λ3Ni

)
P

× 1

Ni!

∫
dV V N(X)]

∫
dsN exp[−βĤ(sN , P, V )]

+
S∏
i=1

1

Λ3NiNi!
× ∂

∂β

(∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

)
P

 (S7)
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The derivative ∂
∂β

(
S∏
i=1

1
Λ3Ni

)
in Eq. S7 equals

∂

∂β

(
S∏
i=1

1

Λ3Ni

)
P

=
S∏
i=1

1(
h√

2πmi

)3Ni
× ∂

∂β

(
S∏
i=1

1

β3Ni/2

)
P

=
S∏
i=1

1(
h√

2πmi

)3Ni
× ∂

∂β

(
β
− 3

2

S∑
i=1

Ni

)
P

=
S∏
i=1

1(
h√

2πmi

)3Ni
×

(
−3

2

S∑
i=1

Niβ
−1− 3

2

S∑
i=1

Ni

)

=
S∏
i=1

1(
h√

2πmi

)3Ni
×

(
− 3

2β

S∑
i=1

Ni

S∏
i=1

1

β3Ni/2

)

= − 3

2β

S∑
i=1

Ni

S∏
i=1

1

Λ3Ni
(S8)

Combining Eqs. S8 and S9, we have

1

qNi,P,T

×

(
− 3

2β

S∑
i=1

Ni

)
S∏
i=1

1

Λ3NiNi!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

+
S∏
i=1

1

Λ3NiNi!

(∫
dV V N

(
−XĤ(sN , P, V )

)∫
dsN exp[−βĤ(sN , V )]

)


= −

(
3

2β

S∑
i=1

Ni

)
〈X〉 −

〈
XĤ

〉
(S9)
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The second term on the right hand side of Eq. S6 can be written as:

−

(
∂qNi,P,T

∂β

)
P

qNi,P,T

×

S∏
i=1

1
Λ3NiNi!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

= − 1

qNi,P,T

×
∂

∂β

(
S∏
i=1

1

Λ3NiNi!

)
P

×
∫

dV V N

∫
dsN exp[−βĤ(sN , P, V )]

+
S∏
i=1

1

Λ3NiNi!
× ∂

∂β

(∫
dV V N

∫
dsN exp[−βĤ(sN , P, V )]

)
P

× 〈X〉

= − 1

qNi,P,T

×

(
− 3

2β

S∑
i=1

Ni

)
S∏
i=1

1

Λ3NiNi!

∫
dV V N

∫
dsN exp[−βĤ(sN , P, V )]

+
S∏
i=1

1

Λ3NiNi!

∫
dV V N

(
−Ĥ(sN , P, V )

)∫
dsN exp[−βĤ(sN , P, V )]

× 〈X〉

=

(
3

2β

S∑
i=1

Ni

)
〈X〉+ 〈X〉

〈
Ĥ
〉

(S10)

Combining Eqs. S6, S9 and S10, we have

(
∂ 〈X〉
∂β

)
P

=

(
3

2β

S∑
i=1

Ni

)
〈X〉+ 〈X〉

〈
Ĥ
〉
−

(
3

2β

S∑
i=1

Ni

)
〈X〉 −

〈
XĤ

〉
= 〈X〉

〈
Ĥ
〉
−
〈
XĤ

〉
(S11)

To obtain the derivative of 〈X〉 with respect to T , one can use the chain rule

(
∂ 〈X〉
∂T

)
P

=

(
∂ 〈X〉
∂β

)
P

(
∂β

∂T

)
P

(S12)

=
−1

kBT 2

(
∂ 〈X〉
∂β

)
P

S5



S2 Thermodynamic derivatives with respect to P in the

NPT ensemble

To obtain the derivative of 〈X〉 with respect to pressure, we start from:

(
∂ 〈X〉
∂P

)
T

=
∂

∂P


S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

 (S13)

Following the Quotient Rule, we can write

(
∂ 〈X〉
∂P

)
T

=

∂
∂P

(
S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

)
T

× qNi,P,T

q2
Ni,P,T

−

(
∂qNi,P,T

∂P

)
T

qNi,P,T

×

S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

(S14)

Starting from the first term on the right hand side of Eq. S14, we have

1

qNi,P,T

× ∂

∂P

(
S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

)
T

=
1

qNi,P,T

×
S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N

(
∂X

∂P

)
T

∫
dsN exp[−βĤ(sN , P, V )]+

S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N

(
−Xβ∂Ĥ(sN , P, V )

∂P

)
T

∫
dsN exp[−βĤ(sN , P, V )]


(S15)
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The derivative
(
∂Ĥ(sN ,P,V )

∂P

)
T
in Eq. S15 can be written as

(
∂Ĥ(sN , P, V )

∂P

)
T

=

(
∂U(sN , V )

∂P

)
T

+

(
∂(PV )

∂P

)
T

= V (S16)

As a general case, we assume that X is an extensive variable which may depend on the

imposed pressure. A typical example would be X = Ĥ. Combining Eqs. S16 and S37, we

have

=
1

qNi,P,T

×
S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N

(
∂X

∂P

)
T

∫
dsN exp[−βĤ(sN , P, V )]

S∏
i=1

1

Λ3Ni
i Ni!

∫
dV V N(−XβV )

∫
dsN exp[−βĤ(sN , P, V )]


=

〈(
∂X

∂P

)
T

〉
− 〈XβV 〉 (S17)

The second term on the right hand side of Eq. S14 can be written as

−

(
∂qNi,P,T

∂P

)
T

qNi,P,T

×

S∏
i=1

1

Λ
3Ni
i Ni!

∫
dV V N(X)

∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

= −

S∏
i=1

1
Λ3NiNi!

∫
dV V N

(
−β ∂Ĥ(sN ,P,V )

∂P

) ∫
dsN exp[−βĤ(sN , P, V )]

qNi,P,T

× 〈X〉

= 〈X〉 〈βV 〉 (S18)
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Combining Eqs. S14, S17 and S18, we obtain

(
∂ 〈X〉
∂P

)
T

= β [〈X〉 〈V 〉 − 〈XV 〉] +

〈(
∂X

∂P

)
T

〉
(S19)

As an example, replacing X with the configurational part of the enthalpy Ĥ in Eq. S19, we

obtain

∂
〈
Ĥ
〉

∂P


T

= β
[〈
Ĥ
〉
〈V 〉 − 〈HV 〉

]
+ 〈V 〉 (S20)

For the derivative of the internal energy U , the last term in Eq. S19 is zero and we obtain

(
∂ 〈U〉
∂P

)
T

= β [〈U〉 〈V 〉 − 〈UV 〉] (S21)

S3 Computation of solubilities in the liquid and the gas

phase

S3.1 The gas phase

The solubility of water in the gas phase is obtained by imposing equal chemical potentials

of water in the gas and liquid phases (µH2O(l) = µH2O(g)):

µidH2O(g)
+ µexH2O(g)

= µH2O(l) (S22)

and therefore

µidH2O(g)
= µH2O(l) − µ

ex
H2O(g)

(S23)
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Subtracting the reference chemical potential from both sides of Eq. S23 leads to

µidH2O(g)
− µ0

H2O = µH2O(l) − µ
ex
H2O(g)

− µ0
H2O (S24)

The first term on the left hand side of Eq. S24 is related to the number density of water in

the gas phase (see Eq. 9 from the main text)

µidH2O(g)
− µ0

H2O = kBT ln


〈
ρH2O(g)

〉
ρ0

 (S25)

Combining Eqs. S24 and S25 leads to

〈
ρH2O(g)

〉
ρ0

= exp

[
µidH2O(g)

− µ0
H2O

kBT

]
= exp

[
µH2O(l) − µexH2O(g)

− µ0
H2O

kBT

]
(S26)

S3.2 The liquid phase

The solubility of hydrogen in the liquid phase is obtained by imposing equal chemical po-

tentials of hydrogen in the gas and liquid phases ( µH2(g) = µH2(l)):

µidH2(l)
+ µexH2(l)

= µH2(g) (S27)

and therefore

µidH2(l)
= µH2(g) − µ

ex
H2(l)

(S28)

Subtracting the reference chemical potential from both sides leads to

µidH2(l)
− µ0

H2
= µH2(g) − µ

ex
H2(l)
− µ0

H2
(S29)
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The first term on the left hand side of Eq. S29 is related to the number density of hydrogen

in the liquid phase (see Eq. 9 from the main text)

µidH2(l)
− µ0

H2
= kBT ln


〈
ρH2(l)

〉
ρ0

 (S30)

Combining Eqs. S29 and S30 leads to

〈
ρH2(l)

〉
ρ0

= exp

[
µidH2(l)

− µ0
H2

kBT

]
= exp

[
µH2(g) − µexH2(l)

− µ0
H2

kBT

]
(S31)

S4 Freezing-point depression of water-hydrogen mixtures

At the freezing point, the chemical potentials of the liquid phase and the solid phase are

equal

µwater (Tm, Pm) = µice (Tm, Pm) (S32)

When hydrogen is dissolved in water, the freezing point temperature changes by ∆Tf. For

low solubilities of hydrogen in the liquid phase, the activity coefficient of water equals one.

The chemical potential of water in a water-hydrogen mixture at the freezing point equals

µwater (Tm + ∆Tf, Pm) +R (Tm + ∆Tf) ln (1− xH2) = µice (Tm + ∆Tf, Pm) (S33)

in which xH2 is the mole fraction of hydrogen in the liquid phase. We assume that xH2 is

small such that the solution is ideal, and R (Tm + ∆Tf) ≈ RTm, and ln (1− xH2) ≈ −xH2 .

Rearranging Eq. S33 and dividing by Tm∆Tf leads to

µwater(Tm+∆Tf,Pm)−µwater(Tm,Pm)
Tm

∆Tf
− RxH2

∆Tf
=

µice(Tm+∆Tf,Pm)−µice(Tm,Pm)
Tm

∆Tf
(S34)
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For small values of ∆Tf, we can write the first term on the left hand side of Eq. S34 as

µwater(Tm+∆Tf,Pm)−µwater(Tm,Pm)
Tm

∆Tf
≈

(
∂ µwater(T,Pm)

Tm

∂T

)
Pm

(S35)

The derivative on the right hand side of Eq. S35 is obtained using the chain rule

(
∂(µwater/T )

∂T

)
P

=

(
∂(µwater/T )

∂β

)
P

(
∂β

∂T

)
P

(S36)

=
−1

kBT 2

(
∂(µwater/T )

∂β

)
P

=
−1

T 2

(
∂(βµwater)

∂β

)
P

in which β = 1/(kBT ). It is well known that
(
∂(βµwater)

∂β

)
P

= hwater in which hwater is the

partial molar enthalpy of water.4,5 Combining Eqs. S35 and S36, we can write

µwater(Tm+∆Tf,Pm)−µwater(Tm,Pm)
Tm

∆Tf
≈ −hwater

T 2
m

(S37)

In a similar manner, for ice, we can write

µice(Tm+∆Tf,Pm)−µice(Tm,Pm)
Tm

∆Tf
≈ −hice

T 2
m

(S38)

Combining Eqs. S34, S37 and S38 leads to

hwater
T 2

+
RxH2

∆Tf
=
hice
T 2

(S39)

The freezing point depression is obtained by rearranging Eq. S39

∆Tf =
RT 2

mxH2

∆hfus
(S40)
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in which ∆hfus = hice − hwater is the enthalpy of fusion of ice. Eq. S40 is the well-known

expression for the melting point depression.5 The difference between the enthalpy of ice and

water is a function of temperature and does not vary significantly with pressure.6 Osborn

and Dickison6 obtained the enthalpy of fusion ∆hfus = 6010.44 J/mol from experiments.

Osborn and Dickison also tabulated the difference in enthalpy between water and ice as a

function of temperature. The enthalpy difference between ice and water as a function of

temperature is provided in Table S1 of this document.
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Table S1: Enthalpy differences between ice and water by Dickinson and Osborn as a function
of temperature.6 The temperature is in units of K, T0 = 273.15 K, and enthalpies are in
units of J/mol.

Tice/[K] Difference in enthalpy
Twater/[K] hwaterT -hwaterT0hiceT0 − h

ice
T hwaterT0

− hiceT
244.26 997.3 7006.28 273.15 0.00
245.37 959.6 6968.56 274.26 83.81
246.48 926.1 6935.04 275.37 167.61
247.59 892.5 6901.52 276.48 251.42
248.71 854.8 6863.81 277.59 339.42
249.82 821.3 6830.28 278.71 423.23
250.93 783.6 6792.57 279.82 507.03
252.04 750.1 6759.05 280.93 590.84
253.15 712.4 6721.33 282.04 674.65
254.26 674.6 6683.62 283.15 758.45
255.37 636.9 6645.91 284.26 842.26
256.48 599.2 6608.19 285.37 926.07
257.59 561.5 6570.48 286.48 1009.88
258.71 523.8 6532.77 287.59 1093.68
259.82 486.1 6495.05 288.71 1177.49
260.93 448.4 6457.34 289.82 1261.30
262.04 406.5 6415.44 290.93 1345.10
263.15 368.8 6377.72 292.04 1428.91
264.26 326.8 6335.82 293.15 1512.72
265.37 289.1 6298.11 294.26 1596.53
266.48 247.2 6256.20 295.37 1680.33
267.59 209.5 6218.49 296.48 1764.14
268.71 167.6 6176.59 297.59 1847.95
269.82 125.7 6134.68 298.71 1931.75
270.93 83.8 6092.78 299.82 2015.56
272.04 41.9 6050.88 300.93 2099.37
273.15 0.0 6008.97 302.04 2183.18

303.15 2266.98
304.26 2350.79
305.37 2430.41
308.15 2639.93
310.93 2849.44
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Table S2: Thermodynamic properties of pure hydrogen in the gas phase from REFPROP.7

T/[K] P/[bar] αP/[1/K] cP/[J/mol/K] µJT/[K/bar]
423.15 50 0.0023186 29.326 -0.046
423.15 80 0.0022919 29.389 -0.047
423.15 100 0.002274 29.429 -0.047
423.15 300 0.0020983 29.727 -0.050
423.15 500 0.0019383 29.907 -0.052
423.15 800 0.0017361 30.067 -0.053
423.15 1000 0.0016237 30.135 -0.053
366.48 10.00 0.0027182 29.164 -0.040
366.48 50.00 0.0026758 29.294 -0.041
366.48 80.00 0.0026433 29.382 -0.042
366.48 100.00 0.0026213 29.437 -0.043
366.48 300.00 0.0023981 29.83 -0.048
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Figure S1: Joule-Thomson coefficient of TIP3P water vapor (circles), and the corresponding
result obtained from REFPROP.7 The calculations are performed along the VLE line of
pure water, using experimental vapor densities.
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Figure S2: Joule-Thomson coefficients of pure hydrogen in the gas phase, and hydrogen
that is saturated with water. (Triangles): pure hydrogen, (circles): hydrogen-water mix-
tures, (lines): empirical data for pure hydrogen obtained from REFPROP.7 Joule-Thomson
coefficients of mixtures simulated using the TIP3P9 and Marx10 force fields are shown in sub-
figures (a) and (b) for T = 366 K and T = 423 K, respectively. Joule-Thomson coefficients
of mixtures simulated using the TIP3P9 and Vrabec11 force fields are shown in subfigures
(c) and (d) for T = 366 K and T = 423 K, respectively The composition in the gas phase is
obtained from VLE simulations of water-hydrogen mixture at T = 423 K and T = 366 K.
Raw data (including the composition in the gas phase) are provided in Tables S4 to S6 of
this Supporting Information.
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S5 Importance of the chemical potential of water in VLE

calculations of water-hydrogen mixtures

Among the commonly used force fields of water with fixed point-charges, the TIP4P/2005

force field12 is one of the best rigid models for liquid water for calculating densities and

transport properties.12,13 For water-hydrogen mixtures at high pressures, it was shown in

Ref.14 that force field combinations with the TIP4P/2005 water model predict hydrogen

solubilities in liquid water in good agreement with experiments. However, the solubilities of

water in the hydrogen gas phase are noticeably underpredicted compared to experiments.14

In Ref.,14 it was shown that at 323.15 K, and pressures in the range of 100 bar to 1000 bar,

the chemical potentials for the TIP4P/2005 water model deviate from the IAPWS empirical

EoS7,15 by approximately −500 K in units of energy/kB. This is a significant deviation,

which suggests that improvements on the water model may be needed. The TIP3P force

field for water predicts the chemical potential of water much better than the TIP4P/2005

force field.14

Here, we show that the quality of the water force field for predicting chemical potentials

plays an important role in VLE calculations of water-hydrogen systems. This is because

the number density of water in the gas phase is directly related to the chemical potential

of water in the liquid phase (see Eq. S26). Since the TIP4P/2005 force field is one of the

best non-polarizable force fields of water, we make an effort to improve the accuracy of

the computed chemical potentials by scaling the charges, and varying the well depth of

the Lennard-Jones potential (εOO). The geometry of the water model and the Lennard-

Jones size parameters σ are unchanged.12 Scaling the charges changes the dipole moment of

water. The dipole moment of the TIP4P/2005 water model is 2.305 D. The dipole moment

of the modified force field with scaling factor of 0.955 is ca. 2.2 D. For every value of

the dipole moment, εOO is adjusted such that the chemical potentials (at T = 323 K and

P = 100 bar) are in good agreement with experimental values obtained from REFPROP.15
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Changes in εOO were performed in steps of 2.5 K in units of energy/kB. An overview of

the scaling factors and modified charges for the modified TIP4P/2005 force field is provided

in Table S4. It can be observed from Table S4 that the chemical potential increases with

εOO while the density of the liquid water decreases with εOO. To reproduce the value of

the chemical potential from REFPROP,15 we use linear regression on the simulation data

in Table S4. For εOO/kB = 79.86 K, the chemical potential of the modified force field

(obtained from simulations in the NPT ensemble) is in excellent agreement with the chemical

potential obtained from the IAPWS equation of state.15 To examine the effect of the chemical

potential on the VLE of water-hydrogen mixtures, we selected εOO/kB = 79.86 K and thereby

recognizing some loss of accuracy for density predictions. The corresponding charges for the

hydrogen and the dummy site of the water model are qH = 0.53136 e, and qM = −1.062724 e,

respectively. An overview of the parameters for the TIP4P/2005 force field,12 the modified

TIP4P force field, and the TIP3P force field9 is provided in Table S5.

To compare the performance of the water force fields in Table S5, VLE calculations in

an expanded version of the Gibbs ensemble (with the CFCMC method16–18) were performed

for pure water. The densities of the liquid and the gas phases, and the chemical potentials of

water at equilibrium were compared to experimental values. Simulation details are provided

in Ref.14 The results are shown in Fig. S3, and the raw data are provided in Table S6.

For the modified TIP4P force field, it can be observed that on average, the deviation in

liquid density from experimental coexistence densities, is reduced by 45% compared to the

TIP3P force field, which is quite an improvement. For the liquid coexistence densities, the

original TIP4P/2005 force field outperforms the other force fields, but our modified TIP4P

is much better than the TIP3P force field. The chemical potentials of the modified TIP4P

force field are in excellent agreement with experimental values from the IAPWS equation

of state.15 For the force fields used in Fig. S3, the chemical potentials of water obtained

from the TIP4P/2005 force field deviate the most from experimental data. Since one of

the conditions of phase equilibrium is equality of chemical potentials in coexisting phases,
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any deviation from the actual values of chemical potentials may have consequences for the

composition of the coexisting phases at equilibrium, predicted by the model.

To better visualise the performance of different water force fields, the densities of the

coexisting gas- and liquid phases are shown in Fig. S4, and the raw data are provided in Ta-

ble S6. It is clear from Fig. S4 that at low to medium vapor densities, the modified TIP4P

force field outperforms the TIP4P/2005 force field. The contribution of the excess chemical

potential in the gas phase, at low densities, is very small. This means that the ideal gas con-

tribution of the chemical potential (related to the number density) in the gas phase almost

equals the total chemical potential of water in the liquid phase. The results in Fig. S4(a)

imply that accurate computations of the chemical potential (e.g. using the modified TIP4P

force field) leads to accurate densities in the vapor phase at low densities/pressures. The

vapor densities at coexistence obtained using the original TIP4P/2005 force field are under-

predicted as shown in Fig. S4. The liquid densities at coexistence are however best predicted

using the original TIP4P2005 force field. The deviation of densities from experimental data,

predicted using the TIP3P and the modified TIP4P force fields increases at lower liquid

densities (higher temperatures).

The computed VLEs of water-hydrogen using the modified TIP4P and the Marx force

fields are shown in Fig. S5, and the raw data are provided in Table S7. Details on the simu-

lations and the methodology can be found in Ref.14 In contrast to the solubilities calculated

with the original TIP4P/2005 force field in Ref.,14 the gas phase solubilities of water using

the modified TIP4P force field are in excellent agreement with experimental solubilities. The

solubilities of hydrogen in the liquid phase are very similar using the TIP4P/2005 and the

modified TIP4P force fields. The modified TIP4P force field also outperforms the TIP3P

force field for the solubility of hydrogen in liquid water. Given the results provided in Fig. S5,

we would like to emphasize the importance of the chemical potential for fitting force field

parameters. Due to inherent limitations of rigid force fields with fixed point charges, it was

not possible to also obtain accurate coexistence densities of water in the liquid phase. By
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comparing the results in Fig. S5 to the results in Ref.,14 one can observe that the modified

TIP4P force field outperforms other force fields in calculating the VLE of water-hydrogen

mixtures at high pressures. Further research is needed to obtain force fields that can accu-

rately describe thermodynamic properties of water.
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Table S5: Force field parameters for the water models used in this study. L is the dummy
site for four-site models. θ is the angle between atoms OHO, in degrees. For four-site water
models, ε = 0.5θ. A cutoff radius of 12 Å was used for all LJ interactions. Analytic tail
corrections and the Lorentz-Berthelot mixing rules were applied.2,3

Force Field Parameters TIP3P19 TIP4P/200512 Modified TIP4P (this work)
εOO/kB/[K] 76.500 93.196 79.86
σOO/[Å] 3.151 3.1589 3.1589
qO/[e] -0.834 - -
qH/[e] 0.417 0.5564 0.53136
qL/[e] - -1.1128 -1.06272
rOH/[Å] 0.957 0.9572 0.9572
rOL/[Å] - 0.1546 0.1546
θ - 104.52 104.52
ϕ - 52.26 52.26
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Table S6: Liquid densities, vapor densities and the chemical potentials of water using the
modified TIP4P (this work), TIP4P/200512 and TIP3P9 force fields, based on vapor-liquid
equilibria from CFCGE simulations between T = 300 K to T = 550 K. The correspond-
ing empirical results are obtained from REFPROP.7 Numbers between brackets indicate
uncertainties with 95% confidence interval.

T/[K] ρliq/[kg/m3] ρgas/[kg/m3] (µ− µ0)/[K]
Modified TIP4P (this work)

300 992.3(6) 0.0245(4) -4208(5)
350 957.5(5) 0.279(6) -4069(7)
400 907.1(9) 1.51(5) -4010(11)
450 842.3(3) 5.89(8) -3971(5)
500 758(1) 18.7(3) -3974(6)
550 634(1) 55(2) -4017(5)

TIP4P/200512

300 996.4(8) 0.0059(3) -4631(14)
350 971.4(3) 0.083(2) -4487(9)
400 932.6(3) 0.546(4) -4394(4)
450 882.2(7) 2.30(4) -4339(6)
500 820(1) 7.5(1) -4316(5)
550 739(1) 20.7(4) -4329(5)

TIP3P9

300 983.2(1) 0.0358(1) -4097(9)
350 933.9(5) 0.355(6) -3995(5)
400 871.9(4) 1.84(2) -3953(4)
450 795.7(9) 6.89(6) -3944(3)
500 696(1) 22.6(3) -3965(2)

REFPROP7

300 996.51 0.02559 -4192.47
350 973.7 0.26029 -4084.45
400 937.49 1.3694 -4019.82
450 890.34 4.812 -3991.17
500 831.31 13.199 -3994.82
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Table S7: Computed compositions of H2O− H2 mixtures at coexistence using MC simula-
tions. xH2 is the mole fraction of hydrogen in the liquid phase, yH2O is the mole fraction of
water in the gas phase. The H2O− H2 mixture is defined by the modified TIP4P force field
in this work (Table S5) and Marx10 force field. The simulation techniques are performed in
the CFC Gibbs Ensemble. Simulation details are provided in Ref.14 σx is the uncertainty of
x (95% confidence interval).

T/[K] P/[bar] xH2/[−] σxH2
yH2O/[−] σyH2O

Sim. Tech.
323 10 1.4× 10−4 1× 10−5 1.3× 10−2 1× 10−3 CFCGE
323 50 7.0× 10−4 5× 10−5 2.7× 10−3 6× 10−4 CFCGE
323 80 1.1× 10−3 1× 10−4 1.7× 10−3 5× 10−4 CFCGE
323 100 1.4× 10−3 1× 10−4 1.3× 10−3 4× 10−4 CFCGE
323 300 3.9× 10−3 3× 10−4 5× 10−4 2× 10−4 CFCGE
323 500 6.2× 10−3 4× 10−4 3× 10−4 1× 10−4 CFCGE
323 800 9.5× 10−3 1× 10−3 3× 10−4 2× 10−4 CFCGE
323 1000 1.1× 10−2 1× 10−3 2× 10−4 1× 10−4 CFCGE
366 10 1.6× 10−4 1× 10−5 8.8× 10−2 5× 10−3 CFCGE
366 50 8.2× 10−4 4× 10−5 1.8× 10−2 1× 10−3 CFCGE
366 80 1.3× 10−3 1× 10−4 1.1× 10−2 1× 10−3 CFCGE
366 100 1.6× 10−3 1× 10−4 9.0× 10−3 7× 10−4 CFCGE
366 300 4.8× 10−3 2× 10−4 3.4× 10−3 4× 10−4 CFCGE
366 500 7.3× 10−3 5× 10−4 2.2× 10−3 4× 10−4 CFCGE
366 800 1.2× 10−2 1× 10−3 1.3× 10−3 3× 10−4 CFCGE
366 1000 1.3× 10−2 1× 10−3 1.2× 10−3 3× 10−4 CFCGE
423 50 1.17× 10−3 4× 10−5 1.17× 10−1 4× 10−3 CFCGE
423 80 1.92× 10−3 6× 10−5 7.3× 10−2 3× 10−3 CFCGE
423 100 2.40× 10−3 9× 10−5 6.0× 10−2 3× 10−3 CFCGE
423 300 7.06× 10−2 3× 10−4 2.1× 10−2 1× 10−3 CFCGE
423 500 1.12× 10−2 3× 10−4 1.3× 10−2 8× 10−4 CFCGE
423 800 1.62× 10−2 6× 10−4 8.4× 10−3 4× 10−4 CFCGE
423 1000 1.96× 10−2 7× 10−4 6.9× 10−3 5× 10−4 CFCGE
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Figure S3: (a): VLE of pure of water using the TIP4P200512 (circles), the modified TIP4P
(upward-pointing triangles), and the TIP3P9 force fields (downward-pointing triangles).
Lines indicate experimental VLE data obtained from REFPROP.7,15 (b): Chemical po-
tentials of water along the coexistence line obtained from VLE calculations. The continuous
line indicates the chemical potential of water calculated from the IAPWS equation of state
in REFPROP.7,15 Raw data are provided in Table S6.
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Figure S4: Coexistence densities of (a) vapor and (b) liquid water obtained from the
TIP4P200512 (circles), the modified TIP4P (upward-pointing triangles), and the TIP3P9

(downward-pointing triangles) force fields at different temperatures. Lines indicate exact
agreement with experimental VLE data obtained from REFPROP.7,15 Raw data are pro-
vided in Table S6.
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Figure S5: Vapor-Liquid equilibrium of H2O− H2 (modified TIP4P and Marx10 force fields)
at pressures ranging between P = 10 and P = 1000 bar. (a): yH2O in the gas phase and
(b): xH2 in the liquid phase. Experiential data in the gas phase for T = [423, 366, 323] K
are shown with dashed lines, dash-dot lines, solid lines, respectively.20–24 Published high
pressure data for the liquid phase are only available for T = 323 K.21,25 In Ref.,14 a detailed
overview of available experimental VLE and solubility data for H2O− H2 systems at high
pressures is provided. Error bars are based on uncertainties with 95% confidence interval.
Raw data are provided in Table S7.
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