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1 ACTIVITY COEFFICIENTS 

The chemical potential of component i in a mixture with respect to the ideal gas reference state 

is described by1,2: 

𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖° + 𝑅𝑅𝑅𝑅 ln 〈𝜌𝜌𝑖𝑖〉
𝜌𝜌0

+ 𝜇𝜇𝑖𝑖ex = 𝜇𝜇𝑖𝑖° + 𝑅𝑅𝑅𝑅 ln 〈𝜌𝜌𝑖𝑖〉
𝜌𝜌0
− 𝑅𝑅𝑇𝑇 ln 𝑝𝑝(𝜆𝜆𝑖𝑖=1)

𝑝𝑝(𝜆𝜆𝑖𝑖=0) (S1) 

where 𝜇𝜇𝑖𝑖° is the reference state of the chemical potential of component i, which depends on 

temperature but not on the pressure, 〈𝜌𝜌𝑖𝑖〉 is the average number density of i, 𝜌𝜌0 is the reference 

number density of the pure solvent, 𝜇𝜇𝑖𝑖ex is the excess chemical potential of i, p(λi = 1) and 

p(λi = 0) are the probabilities of the scaling factor λi taking the value 1 and 0, respectively. The 

chemical potential of component i in a mixture for a liquid-based reference state is expressed 

by1: 

𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖∗ + 𝑘𝑘B𝑇𝑇 ln(𝛾𝛾𝑖𝑖𝑥𝑥𝑖𝑖)         (S2) 

where γi is the activity coefficients of component i and xi is a mole fraction of component i. 

Combining Equations (S1) and (S2), the reference chemical potential 𝜇𝜇𝑖𝑖∗ is obtained for a pure 

component: 

𝜇𝜇𝑖𝑖∗ = 𝜇𝜇𝑖𝑖° + 𝑘𝑘B𝑇𝑇 ln 〈𝜌𝜌𝑖𝑖〉
𝜌𝜌0

+ 𝜇𝜇0𝑖𝑖ex (S3) 

where 𝜇𝜇𝑖𝑖∗ is the reference state of the chemical potential of component i, which depends on 

temperature and pressure, 𝜇𝜇0𝑖𝑖ex is the excess chemical potential of i with respect to the ideal 

gas. Combining Equations (S2) and (S3) and neglecting the pressure-dependence of 𝜇𝜇𝑖𝑖∗, the 

chemical potential of component i is: 

𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖° + 𝑘𝑘B𝑇𝑇 ln 〈𝜌𝜌𝑖𝑖〉
𝜌𝜌0

+ 𝜇𝜇0𝑖𝑖ex + 𝑘𝑘B𝑇𝑇 ln(𝛾𝛾𝑖𝑖𝑥𝑥𝑖𝑖) (S4) 

The activity coefficient is obtained by combining Equations (S1) and (S4): 

𝑘𝑘B𝑇𝑇 ln 〈𝜌𝜌𝑖𝑖〉
〈𝜌𝜌0𝑖𝑖〉

+ 𝜇𝜇𝑖𝑖ex − 𝜇𝜇0𝑖𝑖ex = 𝑘𝑘B𝑇𝑇 ln(𝛾𝛾𝑖𝑖𝑥𝑥𝑖𝑖) (S5) 

𝛾𝛾𝑖𝑖 = 〈𝜌𝜌𝑖𝑖〉
𝑥𝑥𝑖𝑖∙〈𝜌𝜌𝑖𝑖0〉

∙ exp �𝜇𝜇𝑖𝑖
ex−𝜇𝜇𝑖𝑖0

ex

𝑘𝑘B𝑇𝑇
� (S6) 

The same result was obtained by Sadowski et al.2
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2 HCOOH DIMER AND MONOMER PARTIAL VAPOR PRESSURE 

HCOOH monomer and dimer partial vapor pressures are calculated by3: 

𝑃𝑃𝑀𝑀2∗ = (𝑃𝑃𝑀𝑀∗ )2exp �2𝜇𝜇M
0 −𝜇𝜇M2

0

𝑅𝑅𝑅𝑅
�         (S7) 

𝑦𝑦M2 = 1 − 𝑦𝑦M           (S8) 

Combining Equations (S7) and (S8), a quadratic equation is obtained: 
1−𝑦𝑦M
𝑦𝑦M
2 = exp �2𝜇𝜇M

0 −𝜇𝜇M2
0

𝑅𝑅𝑅𝑅
� ∙ 𝑃𝑃

𝑃𝑃0
         (S9) 

where yM2 is HCOOH dimer vapor mole fraction, yM is HCOOH monomer vapor mole fraction, 

R is the ideal gas constant, T is temperature, P is HCOOH partial vapor pressure, P0 is the 

standard pressure (100 000 Pa) and 𝜇𝜇M20  and 𝜇𝜇M0  are the excess chemical potentials of a dimer 

and monomer, equal to -716.59 kJ mol-1 and -351 kJ mol-1, respectively4. All results for the 

HCOOH/H2O system without addition of NaCl are shown in Table S12. 
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Table S1. Geometry for the HCOOH model optimized using Gaussian095 at the 

B3LYP/6-31G(d) level of theory. 

Atom x/[Å] y/[Å] z/[Å] 

C_fa1 0.133025 0.400057 -0.000002
O_fa1 -1.120802 -0.091884 0.000001
O_fa2 1.139287 -0.262302 0.000001

H_fa1 0.093278 1.498951 0.000004 
H_fa2 -1.039312 -1.065806 0 
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Table S2. Interaction parameters for the formic acid FF-0 force field6. Lennard-Jones 

interactions between different atoms are computed using the Lorentz-Berthelot mixing rules7. 

It is important to note that there are exceptions/overrides to the use of the LB mixing rules. For 

some atom pairs, a minimum distance between two atoms (Rmin) is specified.  

Atom σ/[Å] 𝜺𝜺
𝒌𝒌𝑩𝑩� /[K] q/[e-] 

C_fa1 3.75 52.7999 0.52 

O_fa1 3 85.51419 -0.53

O_fa2 2.96 105.72007 -0.44

H_fa1 2.42 7.57721 0

H_fa2 1 1 0.45

overrides 

Atom pair σ/[Å] 𝛆𝛆
𝒌𝒌𝐁𝐁� /[K] Rmin /[Å] 

O_fa2 – 

H_fa2 
1.98 10.28202651 1.4 
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Table S3. Interaction parameters for the formic acid FF-1 force field6. It is important to note 

that there are exceptions/overrides to the use of the LB mixing rules. For some atom pairs,  

a minimum distance between two atoms (Rmin) is specified.  

 

Atom σ/[Å] 𝜺𝜺
𝒌𝒌𝑩𝑩� /[K] q/[e-] 

C_fa1 3.64 43.29832 0.5148 

O_fa1 2.91 69.39759 -0.5247 

O_fa2 2.87 86.47637 -0.4356 

H_fa1 2.35 6.13393 0 

H_fa2 1 1 0.4455 

overrides  

Atom pair σ/[Å] 𝛆𝛆
𝒌𝒌𝐁𝐁� /[K] Rmin /[Å] 

O_fa2 – 

H_fa2 
1.935 9.299 1.4 
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Table S4. Interaction parameters for the formic acid FF-2 force field6, water SPC/E8, CO29 and 

NaCl10 force fields. It is important to note that there are exceptions/overrides to the use of the 

LB mixing rules. For some atom pairs, a minimum distance between two atoms (Rmin) is 

specified.  

 

Atom σ/[Å] 𝜺𝜺
𝒌𝒌𝑩𝑩� /[K] q/[e-] 

C_fa1 3.67 49.6728 0.52 

O_fa1 2.94 80.46271 -0.53 

O_fa2 2.9 99.34559 -0.44 

H_fa1 2.37 7.09611 0 

H_fa2 1 1 0.45 

O_SPCE 3.166 78.17706 -0.8476 

H_SPCE 0 0 0.4238 

O_CO2 3.017 85.671 -0.3256 

C_CO2 2.742 29.93 0.6512 

Na 2.159 177.457 1 

Cl 4.83 6.434 -1 

overrides 

Atom pair σ/[Å] 𝛆𝛆
𝒌𝒌𝐁𝐁� /[K] Rmin /[Å] 

O_CO2 – 

O_SPCE 

3.058 79.14 1.529 

C_CO2 – 

O_SPCE 

3.052 53.04 1.527 

O_fa2 – 

H_fa2 

1.95 9.967 1.4 
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Table S5. Interaction parameters for the formic acid FF-3 force field11. 

Atom σ/[Å] 𝜺𝜺
𝒌𝒌𝑩𝑩� /[K] q/[e-] 

C_fa1 3.2335 59.993 0 

O_fa1 3.1496 85.053 -0.31574

O_fa2 2.9953 96.696 -0.42186

H_fa1 0 0 0.29364 

H_fa2 0 0 0.44396 
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Table S6. Compositions and average box volumes of all 7 systems simulated for the  

Gibbs-Duhem integration test. The HCOOH FF-2 force field6 and water SPC/E force field8 

were used. 

 

xHCOOH NHCOOH NH2O Vbox/[Å3] 

0 0 400 12053.37 

0.1 40 360 13391.47 

0.3 120 280 16324.03 

0.5 200 200 19186.16 

0.7 280 120 21981.36 

0.9 360 40 24690.59 

1 400 0 26031.60 
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Table S7. Compositions and average box volumes for all 28 systems simulated for the 

computation of Henry coefficients of CO2. HCOOH pseudo-mole fractions were used, which 

are defined by: 𝑥𝑥HCOOH = 𝑁𝑁HCOOH
𝑁𝑁HCOOH+𝑁𝑁H2O

. For each HCOOH pseudo-mole fraction, four 

concentrations of NaCl are considered: 0, 0.25, 0.5, 0.75 mol NaCl per kilogram of solvent 

(H2O + HCOOH).  

xHCOOH NHCOOH NH2O NNaCl Vbox/[Å3] 

0 

0 400 0 12115.11 
0 400 2 12147.29 
0 400 4 12206.27 
0 400 5 12223.00 

0.1 

40 360 0 13471.09 
40 360 2 13513.98 
40 360 4 13582.70 
40 360 6 13633.51 

0.3 

120 280 0 16378.56 
120 280 3 16472.98 
120 280 5 16536.55 
120 280 8 16654.32 

0.5 

200 200 0 19271.93 
200 200 3 19371.17 
200 200 6 19467.67 
200 200 10 19605.28 

0.7 

280 120 0 22040.87 
280 120 4 22171.52 
280 120 8 22347.01 
280 120 11 22477.45 

0.9 

360 40 0 24752.86 
360 40 4 24916.40 
360 40 9 25141.52 
360 40 13 25345.05 

1 

400 0 0 26100.08 
400 0 5 26279.19 
400 0 9 26538.52 
400 0 14 26779.70 
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Table S8. Average values of the excess chemical potentials for HCOOH and H2O obtained 

from (1) the probability distribution p(λ), and (2) thermodynamic integration. The HCOOH 

FF-2 force field6 and water SPC/E force field8 were used. T = 298 K and  

P = 1 bar. The values are listed depending on HCOOH mole fraction in the system. The 

subscripts show uncertainties computed as the standard deviation. The values of the excess 

chemical potential are in units of kJ mol-1. 

 

Compound Route  xHCOOH 

HCOOH 

 0 0.1 0.3 0.5 0.7 0.9 1 

p(λ) -23.30.3 -24.40.3 -26.00.3 -26.10.2 -26.00.2 -25.60.2 -25.630.08 

∂𝑈𝑈
∂𝜆𝜆

 -23.20.2 -24.50.1 -26.10.1 -26.10.1 -25.90.1 -25.550.04 -25.40.1 

H2O 

 

p(λ) 
-29.70.2 -29.210.08 -28.40.2 -27.60.2 -27.30.3 -26.80.2 -26.71.7 

∂𝑈𝑈
∂𝜆𝜆

 -29.70.1 -29.300.08 -28.220.09 -27.20.2 -27.20.1 -27.00.2 -26.80.3 
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Figure S1. Gibbs-Duhem integration test for the four studied HCOOH/H2O force fields FF-06, 

FF-16, FF-26 and FF-311 as a function of the mole fraction of HCOOH. The symbols represent 

data points for ln �𝛾𝛾1
𝛾𝛾2
� obtained from the simulations for xHCOOH = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1. 

The lines connecting the symbols are cubic polynomials (for FF-1, FF-2, FF-3) and quartic 

polynomial (for FF-0). The 101 data points for ln �𝛾𝛾1
𝛾𝛾2
� in a range xHCOOH ∈ [0, 1] were obtained 

by interpolating the computed values with the use of polynomials. All the studied force fields 

resulted in the Gibbs-Duhem integral equals to zero within the error bars. The results for the 

Gibbs-Duhem integration test were as follows: 

 FF-0: -0.08 ± 0.10, 

 FF-1: -0.01 ± 0.13, 

 FF-2:  0.03 ± 0.11, 

 FF-3: -0.02 ± 0.16. 

The uncertainties of the Gibbs-Duhem integrals were calculated using error propagation rules, 

see Eqs. 7–9 of the manuscript. 
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Table S9. Average values of activity coefficients for HCOOH and H2O, computed based on 

the values of μex of HCOOH and H2O from the probability distribution of λ. The HCOOH FF-

0, FF-1, FF-2 and FF-3 force fields6,11 and water SPC/E force field8 were used. T = 298 K and 

P = 1 bar. The listed values depend on the compound mole fraction in the system. The 

subscripts show uncertainties computed as the standard deviation obtained from 5 independent 

simulations. The activity coefficients at the limit xi = 0 are calculated for 1 theoretical molecule 

of the compound i in the system. 

FF-0 FF-1 FF-2 FF-3 

xi γHCOOH γH2O γHCOOH γH2O γHCOOH γH2O γHCOOH γH2O 
0 11.95.7 2.30.3 4.31.3 1.20.4 5.60.5 1.80.9 2.30.6 1.10.2

0.1 3.60.3 1.90.2 2.10.3 1.10.2 3.20.5 1.60.1 1.30.1 1.20.1

0.3 1.40.2 1.80.2 1.10.2 1.30.2 1.40.1 1.50.2 1.10.2 1.10.1

0.5 1.20.1 1.710.05 0.90.1 1.30.1 1.10.1 1.50.2 0.90.1 1.20.1

0.7 1.00.1 1.30.1 1.010.09 1.20.1 1.010.04 1.30.2 1.10.1 1.10.1

0.9 0.90.1 1.110.09 1.000.09 1.10.1 1.10.1 1.110.07 1.00.3 1.00.1

1 1 1 1 1 1 1 1 1 
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Table S10. Average values of densities in units of mol m-3 for HCOOH and H2O, computed 

from the probability distribution of λ. The HCOOH FF-0, FF-1, FF-2 and FF-3 force fields6,11 

and water SPC/E force field8 were used. T = 298 K and P = 1 bar. The listed values depend on 

the compound mole fraction in the system. The subscripts show uncertainties computed as the 

standard deviation obtained from 5 independent simulations. The densities at the limit xi = 0 

are calculated for 1 theoretical molecule of the compound i in the system. 

FF-0 FF-1 FF-2 FF-3 

xi ρHCOOH ρH2O ρHCOOH ρH2O ρHCOOH ρH2O ρHCOOH ρH2O 

0a
137.90.2 61.470.01 137.80.1 62.970.04 137.70.2 63.780.02 137.70.2 72.70.1

0.1 4919.39.8 2595.81.8 4959.88.1 2660.83.4 4961.28.2 2690.42.5 5067.27.7 3045.52.1

0.3 11998.17.7 8785.910.3 12185.019.0 8990.85.3 12209.920.4 9066.33.1 13034.316.5 10142.94.5

0.5 16877.917.2 16876.217.2 17196.527.9 17194.827.9 17313.816.2 17312.116.2 19003.710.6 19001.810.6 

0.7 20502.523.9 27992.718.0 20980.512.4 28428.944.4 21156.77.1 28486.947.7 23669.210.5 30410.338.5 

0.9 23364.615.8 44269.388.2 23949.630.8 44633.873.1 24216.522.5 44646.873.4 27412.019.0 45600.369.2 

1 24595.95.5 55157.863.1 25196.716.4 55147.558.2 25520.79.8 55114.591.0 29086.522.2 55091.960.5 
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Figure S2. Visualization of a pure HCOOH system configuration in the gas phase at T = 360 K, 

P = 0.7 bar, using the VMD software12. The HCOOH FF-2 force field6 was used. The presence 

of dimers was confirmed. A typical example of a dimer is highlighted in red, and its enlarged 

image is shown in the lower right corner. 
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Table S11. Comparison of the saturated vapor pressures of pure HCOOH (computed from 

series of NPT simulations of the vapor phase and calculated using the liquid phase properties 

from Gibbs Ensemble simulations) with experimental values11, as a function of temperature. 

The HCOOH FF-2 force field6 and water SPC/E force field8 were used. The subscripts show 

uncertainties computed as the standard deviation obtained from five independent Gibbs 

Ensemble simulations. The uncertainties of the pure HCOOH vapor pressures computed from 

the series of NPT simulations (PHCOOH,sim) and calculated using Eq. 10, are close to zero due to 

the small number of molecules in the vapor phase. 

T/[K] PHCOOH,sim/[MPa] PHCOOH,calc/[MPa] PHCOOH,exp/[MPa] 

335 0.0190.003 0.0370.022 0.027 

360 0.0570.013 0.0770.03 0.066 

385 0.2200.02 0.1760.031 0.140 

410 0.4430.024 0.3430.008 0.269 

435 0.6940.09 0.5730.013 0.480 

460 1.2320.124 0.9470.02 0.803 

485 1.7200.06 1.4310.014 1.275 

510 2.8190.313 2.0860.01 1.937 

535 3.3810.205 2.9220.023 2.839 

560 4.8720.189 3.9880.036 4.036 
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Figure S3. The azeotropic behavior of the HCOOH/H2O system without addition of NaCl: 

(a) total vapor pressure (PH2O + PHCOOH) as a function of the mole fractions of HCOOH in the

vapor and liquid, (b) mole fraction of HCOOH in the liquid phase as a function of vapor mole

fraction. The lines connecting the symbols are used to guide the eye. The simulated

HCOOH/H2O systems show a low-boiling azeotrope behavior in sharp contrast to the high-

boiling azeotrope obtained from  NRTL-HOC calculations13. The uncertainties were computed

as the standard deviation from five independent simulations.
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Figure S4. Visualization of a HCOOH/H2O/CO2/NaCl system configuration at T = 298 K, 

P = 1 bar, using the VMD software12. The pseudo-mole fraction of HCOOH in the system was 

xHCOOH = 1 and the concentration of NaCl added was 0.75 mol NaCl per kilogram of solvent 

(HCOOH + H2O). The HCOOH FF-2 force field6, water SPC/E force field8, CO2 force field9 

and NaCl10 force field were used. The presence of dimers was confirmed in the gas phase. A 

typical example of a dimer is highlighted in green, and its enlarged image is shown in the lower 

right corner.  
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Table S12. The HCOOH dimer and monomer partial vapor pressures calculated for the 

HCOOH/H2O system without addition of NaCl. The HCOOH FF-2 force field6, water SPC/E 

force field8 and CO2 force field9 were used. The subscripts show uncertainties computed using 

error propagation rules. The calculated dimer partial vapor pressures are found to be 

approximately 2 – 4 times higher than monomer partial vapor pressures, confirming that the 

non-ideal dimer formation behavior is the reason, why the studied model does not reproduce 

vapor pressures and azeotropic behavior more precisely than the order of magnitude. 

 

xHCOOH PHCOOH/[Pa] P*
M2/[Pa] P*

M/[Pa] 

0.1 1615.7196.3 1070.98.9 544.88.9 

0.3 2510.4304.8 1803.511.6 706.911.6 

0.5 2946.6284.6 2171.08.1 775.68.1 

0.7 4271.5543.6 3313.317.3 958.217.3 

0.9 5422.1236.5 4327.12.3 1095.02.3 

1 5678.2 4554.7 1123.5 
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